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I.  Remarks  on  Dr.  Mills's  Researches  on  Thermometry. 
By  T.  E.  Thorpe,  Ph.D.,  F.R.S.,  and  A.  W.  Rucker,  M.A.* 

A  PAPER  by  Dr.  Mills,  F.R.S.,  entitled  "  Researches  on 
Thermometry,"  has  recently  been  published  in  the  Trans- 
actions of  the  Royal  Society  of  Edinburgh  for  1880.  We  are 
ourselves  engaged  in  a  comparison  of  the  air-  and  mercurial 
thermometers ;  and  therefore,  when  Dr.  Mills  was  good  enough 
to  send  us  a  copy  of  his  paper,  we  naturally  read  it  with  con- 
siderable care  and  interest.  Of  the  labour  which  he  has  ex- 
pended on  several  difficult  thermometer-corrections  we  cannot 
speak  too  highly ;  but  there  are  a  number  of  points  concern- 
ing which  it  would  be  desirable  to  have  further  information. 
Some  of  the  difficulties  we  have  found  may  be  due  either  to 
errors,  or  to  insufficient  explanation  of  the  terms  and  symbols 
used  ;  and  in  view  of  the  latter  possibility  and  to  avoid  mis- 
understanding, we  have  been  compelled  to  discuss  the  very 
simple  mathematical  formulse  employed  with  what  may  be 
thought  excessive  minuteness.  Dr.  Mills  divides  his  paper 
into  six  sections ;  and  we  shall  head  our  remarks  concerning 
any  one  of  them  by  the  title  which  he  has  affixed  to  it.  The 
sections  are : — 

I.  Calibration  and  the  calibration  unit. 

II.  The  correction  for  the  exposed  thread. 

III.  The  movement  of  the  zero  with  (1)  time  and  (2) 
temperature. 

*  Communicated  by  the  Authors. 
PMl.  Mag.  S.  5.  Vol.  12.  No.'72.  July  1881.  B 
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IV.  Poggendorft's  correction. 

V.  Comparison  of  the  mercurial  with  the  air-thermometer. 
VI.  Efl['ect  of  compression. 

In  the  present  paper  we  contine  our  observations  to  the 
second  and  third  of  these  points;  in  a  subsequent  communica- 
tion we  may  have  something  to  remark  on  the  others. 

The  Exposure  Correction, 

An  account  is  given  of  a  very  lengthy  series  of  experiments 
made  to  determine  the  correction  due  to  the  difference  between 
the  temperatures  of  the  mercury  in  the  bulb  and  in  the  stem 
of  a  thermometer  when  the  latter  is  not  immersed  in  the  source 
of  heat.  This  has  usually  been  expressed  as  follows  : — If  N 
is  the  number  of  exposed  scale-divisions,  T— <  the  difierence 
between  the  readings  of  the  principal  thermometer  and  of  a 
second  thermometer  attached  halfway  up  the  exposed  column, 
and  ifyis  the  correction  (of  course  expressed  in  scale-divisions), 
then 

^  =  •0001545  (T-ON. 

The  number  •0001545  is  the  coefficient  of  the  apparent  expan- 
sion of  mercury  in  glass  ;  but  there  is  no  doubt  (as  Holtzmann, 
Mousson,  and  Wiillner  have  long  since  pointed  out)  that  this 
makes  the  value  of  y  too  great. 

Dr.  Mills  deduces  from  his  experiments  a  corrected  formula 
of  the  form 

^  =  («  +  /3N)(T-0N. 

The  expression  a  +  /3N,  for  shortness,  he  indicates  by  .i".  We 
have  here  two  points  to  notice. 

Dr.  Mills  finds  that  .c  has  different  values  for  different  ther- 
mometers, and  then  says  (on  p.  571): — ''  The  values  of  y  agree 
[t.  e.  in  the  case  of  the  undernoted  thermometers],  first  when 
rT  has  the  following  values: — 

Thermometer.  N. 

2     0-0 

3     16G-0 

4     278-6 

6     123-2" 

It  is  evident  that  y  is  here  a  misprint  for  x,  as  y  must 
vanish  when  N  =  0,  and  can  vanish  for  no  other  positive  value 
of  N.  Hence  it  is  impossible  for  the  correction  for  a  thermo- 
meter with  an  exposed  column  166  divisions  long  to  be  equal 
to  that  of  another  when  no  part  of  the  column  is  exposed ;  for 
the  former  cannot  (unless  T  =  <),  and  the  latter  must,  be  zero. 

For  equal  values  of  T— <,  the  correction  for  thermometers  2 
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and  3  will  be  equal  when  (using  an  obvious  notation) 
(«3  +  /S2N2)N2  =  («3  +  ^z^zWz- 

If  we  put  N3=166  and  use  the  coefficients  given  in  the  paper, 
we  get  a  quadratic  in  N25  "^z. 

(•00014148  +  -000000037880  N2)N2 

=  (-00013197  +  -000000057030  x  166)166. 

Solving  this  by  approximation,  we  find  that  N2  is  (neglecting 
fractions)  159.  Instead,  therefore,  of  the  correction  being 
the  same  (as  the  unfortunate  slip  with  respect  to  the  substitu- 
tion of  _y  for  X  might  easily  lead  an  unwary  reader  to  believe) 
when  the  number  of  exposed  degrees  differed  by  166,  it  was 
the  same  when  they  were  159  and  166  respectively  and  there- 
fore differed  only  by  seven. 

We  have  not  thought  it  worth  while  to  find  the  correspond- 
ing values  of  y  for  the  other  two  thermometers  employed,  as 
the  follo-wing  method  of  comparing  the  results  appears  to  us 
to  be  more  satisfactory  than  that  given  above. 

The  iuters'al  between  the  freezing-  and  boiling-points  was 
apparently  divided  into  400  divisions.  If,  in  order  to  make 
the  differences  large,  we  make  the  very  favourable  suppositions 
that  the  whole  scale  was  in  each  case  exposed  so  that  X  =  400 
and  that  T  — ^  =  100°  C,  we  obtain  for  the  values  of  the  cor- 
rections for  the  thermometers  6-2652,  6-2312,  5-9443,  and 
6'3076.  As  each  division  was  about  a  millimetre  long,  it 
must  have  been  impossible  to  read  with  certainty  to  less  than 
a  tenth;  and  thus  the  first  place  of  decimals  only  is  significant. 
So  far,  therefore,  from  proving  that  each  thermometer  '-'  has 
its  own  independent  equation  for  exposure  correction,*'  these 
results  seem  to  us  to  show  that  the  exposure  corrections  below 
100°  C.  are,  in  the  case  of  three  out  of  four  similar  thermo- 
meters, practically  identical.  If  the  formulae  are  intended  to 
apply  to  the  measurement  of  temperatures  higher  than  100°, 
in  which  case  the  differences  between  the  corrections  would 
be  greater,  experiments  ought  surely  to  have  been  made  above 
that  temperature. 

The  second  point  we  have  to  notice  is  a  mistake  in  trans- 
forming the  expression  for  the  correction  from  scale-divisions 
of  the  thermometers  to  degrees  Centigrade.  It  is  evident,  if 
we  consider  the  Ciise  of  the  same  thermometer  having  two  dif- 
ferent scales  engraved  upon  it,  that  the  value  of  the  correction 
in  terms  of  a  scale-division  must  be  inversely  proportional  to 
the  length  of  a  division,  and  therefore  directly  proportional  to 
N,  or  the  number  of  divisions  exposed.     Hence  the  factor 

B2 
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a.  +  /9N  in  the  expression 

y=(«+/9N)(T-0N 
must  be  independent  of  the  scale.     Thus,  it"  we  change  from  a 
scale  in  which  the  length  of  the  exposed  column  is  measured 

by  N  scale-divisions  to  another  in  which  it  is  measured  by  — , 

we  must  change  /3  to  n/8.  As,  therefore,  a  scale-division  of 
the  thermometers  used  corresponded  to  a  quarter  of  a  degree, 

N    .  .  . 
N  divisions  on  this  scale  correspond  to  -r  divisions  when  de- 
grees Centigrade  are  employed ;  and  thus  we  must  multiply  fi 
by  4. 

The  mean  expression  for  .v  in  terms  of  scale-divisions  ob- 
tained from  the  observations  on  the  four  thermometers  is 

.v= -00013321  +  -000000053046  N. 

Dr.  Mills  writes  (p.  571),  as  the  equivalent  of  this  when  the 
degree  Centigrade  is  the  unit, 

.r= -00013321  + -000000013261 N. 

He  has  therefore  divided  the  coefficient  of  N  by  4  instead  of 
multiplying  it  by  that  number,  and  has  thus  not  only  allowed 
a  serious  error  to  creep  into  what  is  perhaps  the  most  import- 
ant formula  in  his  paper,  but  has  done  himself  the  great  injus- 
tice of  making  his  own  correction  appear  sixteen  times  less 
than  it  really  is. 

If  the  above  expression  for  .v  is  taken  as  it  stands,  the  second 
term  in  the  expression  for  ?/  is 

•000000013261  (T- 0^2; 
and  if 

T-f  =  N=100, 
this  becomes  '013261. 

Now  a  thermometer  graduated  for  100°,  and  on  which  it  was 
possible  to  read  to  the  hundredth  of  a  degree,  would  be  of  inor- 
dinate length  ;  and  as  the  millimetre  divisions  on  Dr.  Mills's 
thermometers  corresponded  to  0°*25,  he  could  not  possibly 
have  read  to  less  than  0°-02.  In  other  words,  if  the  formula 
as  given  is  correct,  the  term  added  by  Dr.  Mills  to  the  expres- 
sion for  7/  may  not  only  be  neglected  for  all  ordinary  instru- 
ments, but  would  have  been  absolutely  inappreciable  on  those 
he  used. 

The  correct  value  of  ?/  in  terms  of  the  Centigrade  scale,  as 
deduced  from  Dr.  Mills^s  experiments,  is 

t/=(-00013321  +  -000000212184N)(T-ON. 
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Zero  Movements. 

With  regard  to  the  investigation  of  the  movement  of  the 
zero,  we  would  remark  that  it  would  have  been  simpler  to  use 
a  formula  which  expressed  the  use  of  the  zero  directly.  The 
expression  adopted  by  Prof.  Mills  is 

where  x  measures  the  time,  and  A,  B,  a  and  /8  are  constants. 
The  quantity  y  is  called  the  total  remaining  ascent,  and  ''A  +  B 
represents  the  total  ascent/'  i.  e.  the  whole  rise  up  to  some 
fixed  time. 

The  rise  of  the  zero  (Z)  up  to  the  time  :c  is  therefore  e\\- 
dentlv 

Z  =  A  +  B-?/; 

and  the  tables  would  have  been  more  useful  had  this  quantity 
Z  been  given  instead  of  y. 

The  account  of  the  movement  of  the  zero  ^vith  temperature 
is  so  involved  that  it  constitutes  a  riddle  which  it  took  us 
some  time  to  read.     We  quote  the  opening  sentence : — 

"  It  has  long  been  known  that  the  immersion  of  a  thermo- 
meter into  boiling  water  almost  invariably  lowers  the  zero. 
The  only  consecutive  series  of  observations  of  the  effect  of 
temperature  that  I  have  been  able  to  find  is  due  to  Henrici  *. 
His  results  are  readily  comprised  in  the  equation 

j/  =  2-100(-981)'--099(l-360)'; 

y  being  the  total  remaining  ascent,  and  the  unit  of  x  being 
10°  C.  The  starting-point  of  the  observations  was  50°  C; 
and  the  depressions  were  consecutivelv  observed  at  every  10® 
to  100°. 

"Table  vii. 


i                X. 

Zero  observed. 

y- 

y  eale. 

0     

0-00 

200         i 

1     1 

-0-10 

1-90         1 

1-92 

3   : 

-0-25 

175         j 

1-73 

4     : 

-040 

1-60         ' 

1-61 

o      1 

-0-60 

1-40 

1-45 

Probable 

error  of  a  single 

comparison  .. 

...     -023 

The  formula  here  employed  is  of  the  same  fonn  as  that  used 
above,  except  that  one  of  the  terms  is  negative.  The  quantity 
y  is,  as  before,  called  "the  total  remaining  ascent."  The 
effect  of  heating  the  thermometer  having  been  to  depress  its 

•  "Pogg.^m.  1.251," 
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zero,  tlie  total  ascent  one  would  naturally  suppose  would  be 
equal  to  the  total  depression  ;  or,  if  the  secular  elevation  of 
the  zero  could  not  be  neglected,  the  "  total  ascent,^'  however 
it  might  be  c'onij)ounded  of  this  and  of  the  temporary  eft'ect  due 
to  heating,  would  at  all  events  increase  with  the  temporary 
depression. 

The  table,  however,  shows  that  >/  grows  less  as  the  depres- 
sion of  the  zero  increases  ;  and  it  is  only  from  it  that  we  are 
able  to  rather  the  relation  between  _y  and  the  position  of  the 
zero.     If 

and  Z  be  the  change  in  the  position  of  the  zero  (depressions 
being  taken  as  negative),  then 


Z=_]A-B-3/;-  =  -2+3/ 

in  the  example  given. 

But  though  this  expression  is  algebraically  similar  to  that 
obtained  for  the  secular  movement  of  the  zero,  the  meaning 
of  the  quantity  i/  is  quite  different.  In  the  first  case  it  is  the 
amount  by  which  the  reading  for  the  zero  falls  short  of  a  posi- 
tion which  may  be  attained  at  some  future  time.  In  the 
second  case  it  is  the  amount  by  which  the  depression  of  the 
zero  falls  short  of  that  which  may  be  produced  by  some  future 
heating.  If  therefore  any  such  name  is  to  be  applied,  it  should 
here  be  the  total  remaining  descent.  Even  with  this  modifi- 
cation, however,  the  nomenclature  is  very  misleading,  as  there 
is  nothing  to  show  that  the  points  from  which  the  "  remaining" 
ascent  or  descent  is  measured  are  really  limits  to  the  motions 
of  the  zero. 

The  experiments  on  three  other  thermometers  (455,  3,  and  c) 
are  then  described: — 

"  The  results  for  thermometer  3  are  given  in  terms  of  its 
scale,  one  division  of  which  was  equal  to  0°*280.  The  equa- 
tions are — 

3/455  =  2-869 (-998)'  -•143(1-324)', 

3/3   =4-723(l-006)'--723(l-1964)', 

y,   =l-112(-9986)'--112(l-299)'. 

the  values  of  a  unit  of  .r  being  respectively  13°,  20°,  38°." 

It  will  be  observed  that  all  these  expressions  are  similar  to 
that  given  above  for  Henrici's  thermometer.  In  all  ?/  is  posi- 
tive for  small  values  of  .r  ;  in  all  it  diminishes  as  .r  increases. 
The  three  formula  are  illustrated  by  a  table ;  and  for  all  three 
the  tabulated  values  of  y  are  of  the  same  sign.  Both  formulse 
and  table  w^ould  therefore  lead  us  to  expect  that,  as  in  the  case 
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of  Henrici's  thermometer,  the  zeros  were  depressed,  and  that 
the  depression  increased  with  the  temperature  to  which  the 
thermometer  was  subjected. 

Immediately  after  giving  the  table,  however,  Dr.  Mills  sajs 
(p.  579): —  "  The  starting-point  of  the  observations  with  ther- 
mometer 455  was  168°'6.  When  in  its  equation  y  =  0, 
.r=10'61,  the  ascent  under  the  influence  of  heat  was  thus 
converted  into  a  depression  after  306°"5."  We  shall  have 
presently  to  refer  to  this  change  of  direction  of  the  motion  of 
the  zero.  It  is  for  the  moment  sufficient  to  say  that  no  expe- 
riments were  made  at  a  temperature  so  high  as  306°,  and  that 
therefore  over  the  whole  range  of  the  observations  the  zero 
ascended.  It  is,  however,  hardly  fair  to  the  reader  to  leave 
him  to  gather,  from  the  remark  just  quoted,  a  fact  of  which 
neither  the  formula  nor  the  table  gave  any  hint,  viz.  that 
thermometer  455  behaved  differently  from  Henrici's,  and  that 
the  zero  ascended  under  the  influence  of  heat.  As  to  what 
the  nature  of  this  ascent  was  we  are  in  the  dark.  Does  Prof. 
Mills  mean  that  the  first  heating  depressed  the  zero,  and  that 
by  subsequent  heatings  this  depression  was  diminished  ?  Or 
does  he  mean  that  the  first  heating  raised  the  zero,  and  that 
subsequent  heatings  increased  this  elevation  ?  We  presume 
the  former  hypothesis  is  the  correct  one;  but,  as  far  as  we  can 
see,  there  is  nothing  either  in  the  formulae,  the  table,  or  the 
text  to  assure  us  of  this.  The  fact,  however,  that  in  some 
cases  heating  raised  the  zero,  probably  supplies  the  reason 
for  retaining  the  name  "  total  remaining  ascent,"  a  descent 
being  considered  a  negative  ascent.  But  even  if  this  could 
be  justified  by  the  analogy  of  such  expressions  as  negative 
acceleration,  it  certainly  does  not  assist  the  reader  to  assume 
that  he  will  understand  that  an  ascent  is  really  a  going  down, 
without  informing  him  of  the  convention  which  has  been  made. 

We  have  dwelt  at  length  on  these  points,  not  from  any  wish 
to  draw  attention  to  mere  faults  of  exposition,  but  because  we 
have  now  a  much  more  serious  matter  to  refer  to  ;  and  we 
wish  to  show  that  if  in  this  we  have  misunderstood  Dr.  Mills, 
it  is  because  he  is  not  very  easy  to  understand.  On  page  578 
Dr.  Mills  says  : — 

"The  depresssion  at  100°  in  Henrici's  instrument  is  by  far 
the  largest  at  present  recorded.  It  can  easily  be  shown  from 
the  equation,  that  ?/=0  when  a* =9*35;  so  that  the  zero  in  this 
case  would  have  begun  to  rise  after  the  iinmersion  of  the  bulb 
in  a  bath  at  143°-5." 

Remembering  that 

y=2'100(-981)*--099(l-360)', 
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and  that  the  relation  between  y  and  the  position  of  the  zero,  as 
gathered  from  the  table  given  above,  is 

we  are  at  a  loss  to  understand  this  remark.  The  depression 
of  the  zero  Z  becomes  greater  as  i/  becomes  less ;  and  this  is 
no  way  affected  by  the  passage  of  y  through  the  value  0.  For 
numerically  increasing  negative  values  of  ?/  Ave  get  increasing 
depressions.  It  seems,  therefore,  that  the  statement  that  the 
formulie  point  to  a  change  in  the  direction  of  the  motion  of  the 
zero  is  due  to  a  confusion  between  Dr.  Mills's  >/  and  our  Z, 
and  that,  as  a  matter  of  fact,  no  such  change  is  indicated.  If 
we  are  wrong  in  this  conclusion,  we  can  only  apologize  to  Dr. 
Mills  and  ask  him  to  state  what  y  really  means.  If  we  should 
turn  out  to  be  right,  we  are  afraid  this  error  upsets  all  the 
inferences  dra\A'n  by  him  from  his  formula,'.  But  even  if  we 
have  misunderstood  the  meaning  of  Dr.  Mills's  //,  the  deduc- 
tions in  question  appear  to  be  open  to  grave  criticism. 

The  conclusion  drawn  from  the  experiments  is,  that  "  the 
zero  of  an  ordinary  vacuous  mercurial  thermometer  undergoes 
three  distinct  movements  under  the  influence  of  heat.  It  is 
at  first  dej)ressed  under  the  action  of  temperature,  varying 

with  each  particular  case The  further  application  of 

heat  causes  the  zero  to  ascend ,  after  which  it  again 

descends.'''' 

If  we  call  the  temperatures  at  which  these  changes  take 
place  turning-points,  the  following  table  fairly  sets  forth  the 
grounds  on  which  the  conclusions  are  based. 

Table  I. 


1                     !                 Dr.  Mills's. 

455. 

3. 

c. 

Lowest  temperature  to  which  1         kqo.a       '   iRgo-f' 

the  thermometer  was  heated  J 

Corresponding  value  of  3/ ;        2-000     j       2-726 

Highest  temperature  to  which  1      inno-O         296°-8 

the  thermometer  was  heated  J  i 

Corresponding  vahie  of  y i        1'400           0'554 

Motion  of  zero  after  heating  ...|     descent        ascent 
Turning-points  calculated  by"!  i    ijqo.x          qhco.k 

Dr.  Mills M    ^*^   ^         "^^   '^ 

40°-0 

4-000 

120°-0 

3-356 
descent 

256°-7 

48°-l 

1-000 

239°-2 

0-686 
ascent 

379°-8 

It  will  be  noticed  that  in  no  case  is  a  "turning-point"  in- 
cluded within  the  range  of  temperatures  actually  obsen'ed; 
and  that  in  all,  therefore,  the  existence  of  the  upper  point  is  a 
theoretical  deduction  from  the  formulae.  We  cannot,  how- 
ever, allow  that  such  a  deduction,  even  if  algebraically  cor- 
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rect,  is  legitimate.     Any  one  who  has  experience  in  the  mathe- 
matical expression  of  the  results  of  experiment  must  soon  be 
strongly  impressed  with  the  untrustworthiness  of  empirical 
formulae  when  their  application  is  extended  beyond  the  range 
of  the   observations  themselves.     The   same  series  of  figures 
can  often  be    represented  with    almost    equal    exactness  by 
very  different  mathematical  expressions  ;  and  the  curves  to 
which   these   are   the    equations,  though   closely  concordant 
for  the  range  of  the  experiments,  may  have  outside  that  range 
very  different  geometrical  properties.     We  may  indeed,  in 
some  cases,  determine  the  constants  in  a  formula  which  rests 
upon  a  theoretical  basis  from  a  limited   series  of  experiments, 
and  then  extend  its  application  ;  but  it  is  very  dangerous  to 
argue  from  the  form  of  a  purely  empirical  equation.    Instances 
may  be  quoted  where  such  a  formula  has   a  posteriori  been 
proved  to  hold  for  a  much  greater  range  than  could  have  been 
anticipated ;  but  it  must  be  admitted  that  a  determination  of 
the  position  of  a  maximum   or  minimum  from  an  empirical 
equation  is  worth  very  little,  even  when  it  lies  within  limits 
of  the  experiments,  unless  special  precautions  are  taken,  and 
that  deductions  as  to  the  position,  or  even  as  to  the  existence, 
of  such  points  when  lying  far  outside  those  limits  are  abso- 
lutely untrustworthy.     No  one,  for  example,  believes  that  the 
point  of  maximum  density  of  ethyl  alcohol  is  either  at  —  b&^'Q 
or  at  —  89°*5,  as  deduced  by  Muncke  from  two  separate  and 
fairly  concordant  expressions  for  its  expansion  between  0°  and 
its  boiling-point.     Dr.   Mills,    however,    seems  to  trust   his 
formulae  implicitly.     Henrici  observed  a  thermometer  between 
50*^  and  100°;  and  Dr.  Mills  infers  a  point  of  maximum  descent 
at  143°"5.     Thermometers  3  and  c  were  observed  for  ranges 
of  80°  and  190°  respectively;  and  in  each  case  conclusions  are 
drawn  respecting  points  about  140°  above  the  highest  tem- 
peratures observed.     We  venture  to  think,  not  that  there  is 
grave  doubt  as  to  the  exact  positions  of  the  alleged  maxima 
and  minima  (that,  of  course,  would  be  granted),  but  that  the 
foi-mulaB  afford  no  evidence  of  their  existence.     Even  in  the 
case  of  thermometer  455  it  is  an  open  question  whether  a  point 
of  maximum  ascent  or  a  point  of  final    repose  was   being 
approached. 

We  turn  next  to  the  explanation  given  of  the  motions  of  the 
zero-point.  "  The  first  effect  of  heat  on  the  bulb  is  ordinary 
expansion  attended  with  a  '  set.'  The  second  or  further  effect 
is  to  cause  the  thin  part  of  the  glass  to  become  sufficiently 
plastic  to  yield  to  the  influence  of  barometric  pressure,  which 
causes  a  gradual  collapse.  In  the  third,  or  final,  stage,  at 
which  the  vapour  of  mercuiy  has  a  sensible  tension,  the  bulb 
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is  enlarffed  by  outward  j^ressuro  due  to  that  cause,  and  the  zero 
descends.  If  the  above  view  be  correct,  it  would  follow  that 
a  thermometer  open  to  the  air  and  kept  always  in  a  vertical 
position  would  always  exhibit  a  descending  zero;  the  descent 
in  the  first  stage  being  due  to  expansion  and  set  as  before,  but 
in  the  later  stages  simply  to  the  weight  of  the  mercury  acting 
upon  a  bulb  now  rendered  partially  plastic  by  heat.  I  cannot 
find  that  other  investigators  have  left  any  record  of  such  an 
experiment."  Dr.  Mills  then  gives  the  following  table  to 
show  that  the  zero  of  an  open  thermometer  obsei-ved  after 
heatings  to  50°,  100°,  150°,  and  so  on  up  to  350°,  fell  more 
and  more  after  each  heating  : — 


Zero  (tlierm.  20). 

Scale. 

Depression. 

Before  experiment    ... 
After  50° 

+  •262  0. 

•134 
-•058 

•203 

•360 

0000 
•128 
•320 
■465 
•(522 
•809 
•756 
•832 

„     102    

„     150    

„     200    

„     250    

„     310    

„    350    

-.547 
•494 
•570 

"  The  first  seven  observations  were  made  consecutively  on 
one  day,  the  eighth  nearly  two  days  later.  The  temperatures 
are  not  corrected." 

We  may  point  out  that  obsers^ations  (j  and  8  in  the  above 
table  are  discordant,  and  that,  if  we  have  to  reject  one,  it 
should  rather  be  the  eighth,  which  was  made  two  days  after 
the  others,  than  the  sixth,  which  is  more  directly  comparable 
with  them.  If  Me  therefore  reject  the  last  experiment  instead 
of  the  sixth,  as  Dr.  Mills  practically  does,  the  table  is  in  con- 
tradiction to  his  theory,  and  shows  a  maximum  depression 
after  the  thermometer  was  heated  to  250°. 

In  any  case,  as  the  increments  of  the  depressions  at  higher 
temperatures  are  less  than  for  the  lower,  we  think  Dr.  Mills 
ought  to  have  tried  whether,  if  these  results  Avere  expressed 
by  a  formula  similar  to  that  employed  in  the  preceding  cases, 
it  would  not  have  given  a  minimum  at  some  higher  tempera- 
ture. The  fact  that  it  is  impossible  to  carry  on  the  experi- 
riments  much  above  350°  with  mercury  is  no  reason  for 
regarding  the  formulas  as  less  trustworthy  beyond  that  point 
than  the  others  which  were  treated  in  this  way. 

If  by  a  rising  zero  is  meant  a  zero  which  is  less  depressed  after 
every  heating,  some  observations  of  our  own  prove  that  it  is 
quite  possible  to  obtain  this  with  an  open  tube.  The  bulb  of  a 
Jolly's  air-thermometer  of  about  90  cub.  centim.  capacity, 
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the  stem  of  which  Avas  graduated  in  millimetres,  was  exhausted 
bv  means  of  a  Sprengel^s  air-pump  and  filled  with  mercury. 
It  was  then  placed  in  melting  ice ;  and  when  the  position  of 
the  mercury  in  the  stem  had  become  constant,  it  was  noted. 
The  bulb  and  its  contents  were  then  immersed  in  boiling  water, 
and  the  reading  in  melting  ice  was  again  determined.  The 
zero  was  found  to  be  considerably  depressed;  but  if  the  bulb 
was  left  at  the  temperature  of  the  air,  this  depression  steadily 
diminished.  The  experiments  of  heating  the  bulb  once  and 
obserying  the  zero  were  repeated  after  an  interval  of  four, 
and  again  after  another  interval  of  thirteen  days,  with  the  result 
that  after  the  second  and  third  heatings  the  zero  fell  to  the 
same  position  as  it  had  taken  up  after  the  first.  The  method 
of  experiment  was  then  changed.  The  bulb  was  raised  to 
about  100°  C;  and  the  water  with  which  it  was  surrounded, 
having  been  allowed  to  boil  for  a  few  minutes,  was  run  off,  and 
the  bulb  was  left  to  cool  for  half  an  hour  or  thereabouts.  This 
operation  was  repeated  during  three  consecutive  days,  in  all 
twenty  times ;  and  the  zero-point  was  determined  as  before. 
The  mean  depression  of  the  zero  immediately  after  the  three 
previous  boilings  had  been  12"38  millim.;  it  was  now  found 
to  be  only  9"35  millim.  Twelve  days  afterwards  the  alternate 
heating  and  cooling  was  again  commenced,  and  in  the  course 
of  five  days  was  repeated  fifty  times.  The  depression  of  the 
zero  immediately  after  the  last  boiling  was  7*71  millim.  It 
had  therefore  been  still  further  reduced. 

The  experiments  are  summed  up  in  the  following  table : — 


Table 

II. 

I. 

i 

II. 

III. 

lY. 

Y. 

VI. 

j    Days  after 
(      heating. 

I. 

II. 

III. 

IV. 

V. 

0 

12-40 
9-80 
8-50 

12-35 

TOS 
6-68 

6-20 

12-39 
9-66    , 
8-49   ■ 
8-30   ' 

7-98    I 

i 
1 

9-35 
7-61 

o-oi 
4-23 

7-71 
2-7 

1 

2 

^... ...... 

4 

5 

c...... 

8 

9 

13 

There  were  in  all,  as  has  just  been  stated,  5  series  of  ex- 
periments. Column  I.  gives  the  number  of  days  which  had 
elapsed  since  the  last  heating  to  which  the  bulb  had  been 
subjected  in  any  particular  series,  at  the  time  when  the  ob- 
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servations  of  the  position  of  the  zero  recorded  in  the  other 
columns  were  made.  The  numbers  in  the  other  columns  are, 
in  all  eases,  the  depressions  of  the  zero  measured  in  milli- 
metres below  the  orifTJnal  position  observed  before  the  bulb 
had  been  heated  for  the  first  time,  /.  e.  in  the  first  series  of 
experiments. 

These  observations,  then,  show  that  the  depression  of  the 
zero  of  an  open  thermometer  diminishes  (1)  with  the  lapse  of 
time  after  it  has  been  disfui'bed  by  heating,  (2)  with  nu- 
merous and  rapidly  recurring  heatings  and  coolings.  The 
latter  of  these  two  phenomena  is  identical  with  what  we 
understand  Dr.  Mills  to  mean  by  an  ascent  of  the  zero;  and 
we  have  therefore  proved  (as  has  indeed  been  noted  by  other 
observers)  that  this  can  be  produced  by  frequent  heating ;  but 
the  fiict  that  it  has  thus  been  observed  in  an  open  tube  is 
not  in  accordance  with  Dr.  Mills's  explanation  of  these 
movements. 

His  experiments  differ  from  ours  in  the  fact  that  the  bulb 
was  raised,  not  to  the  same,  but  to  continually  increasing 
temperatures;  but  before  any  certain  conclusions  can  be 
drawn,  it  would  be  necessary  to  know  something  about  the 
past  history  of  the  thermometers  employed.  The  effect  of 
heatino-  is  "almost  invariably'*  to  de|n'ess  the  zero;  the  effect 
of  frequent  heating  is  to  diminish  this  depression;  and  thus 
the  effect  of  any  particular  heating  is  dependent  in  part  on 
those  which  preceded  it.  It  has  generally  been  supposed  that 
by  repeated  heating  and  cooling  the  fluctuation  of  the  zero  could 
be  reduced  to  a  very  small  amount;  and  Dr.  Mills^s  experi- 
ments afree  with  this,  in  that  thermometer  45.1  (which,  as  far 
as  his  paper  shows,  was  heated  most  frequently)  is  that  which, 
according  to  his  formula,  was  most  nearly  approaching  a 
stationary  point.  However  this  jnay  be.  it  is  evident  that  it 
cannot  be  the  atmospheric  pressure  which  causes  the  zero  of 
an  open  tube  to  rise  when  it  is  frequently  heated,  and  there- 
fore that  it  need  not  be  atmospheric  pressure  which  produces 
the  same  effect  in  a  closed  thermometer. 

Summing  up,  then, — our  criticisms  on  Dr.  Mills's  paper  are 
as  follows: — 

(1)  The  method  of  comparing  one  factor  only  of  the  ex- 
posure correction  for  difierent  thermometers,  viz.  x,  instead 
of  the  whole  correction  y,  tends  to  exaggerate  the  importance 
of  the  variation  of  the  corrections.  In  the  case  of  three  out 
of  the  four  thermometers  observed,  it  is,  within  the  limits  of 
the  error  of  experiment,  the  same  for  the  largest  possible  ex- 
posure and  for  a  temperature-difference  which  is  probably 
greater  than  any  of  those  for  which  observations  were  made. 


On  the  Conservation  of  Electncily.  13 

(2)  The  formula  for  the  exposure  correction  in  terms  of 
degrees  Centigrade  is  given  incorrectly. 

(3)  In  the  investigation  of  the  movement  of  the  zero  with 
temperature^  we  think  that,  by  a  mistaken  interpretation  of 
the  formula  for  ?/,  Dr.  Mills  has  inferred  the  existence  of 
turning-points,  of  which  in  reality  it  affords  no  indication. 
If,  owing  to  the  ambiguous  definition  of  _y,  we  are  wrong  in 
the  above  supposition,  we  think  that  the  supposed  higher 
turning-points  are  too  far  outside  the  range  of  the  experi- 
ments to  admit  of  the  application  of  the  formulae  to  these 
determinations. 

(4)  For  the  reasons  given  we  consider  Dr.  Mills's  ex- 
periments with  the  open  thermometer  inconclusive;  and  the 
inference  drawn  from  them  is  rendered  still  more  doubtful  by 
the  results  of  our  own  observations. 

II.  On  the  Conservation  of  Electricity,  and  the  Absolute  Scale 
of  Electric  Potential.  By  Professor  Silvanus  P.  Thompson, 
D.Sc.,B.A* 

1.    nnHE  Laiv  of  Conservation  of  Electricity. — In  art.  35  of 
Clerk  Maxwell's  '  Electricity  and  Magnetism '  the 
following  paragraph  occurs  : — 

"  While  admitting  electricity,  as  we  have  now  done,  to  the 
rank  of  a  physical  quantity,  we  must  not  too  hastily  assume 
that  it  is,  or  is  not,  a  substance,  or  that  it  is,  or  is  not, 
a  form  of  energy,  or  that  it  belongs  to  any  knoM'n  category 
of  physical  quantities.  All  that  we  have  hitherto  proved  is 
that  it  cannot  he  created  or  annihilated',  so  that,  if  the  total 
quantity  of  electricity  within  a  closed  surface  is  increased  or 
diminished,  the  increase  or  diminution  must  have  passed  in  or 
out  through  the  closed  surface." 

In  the  paragraphs  immediately  preceding  that  quoted,  it 
had  been  pointed  out  Avhat  experimental  evidence  there  is  for 
the  conclusion  that,  when  the  electrification  is  in  any  way  pro- 
duced, the  algebraic  sum  of  the  +  and  —  electrifications  is 
zero.  It  results  at  once  from  this  that,  whatever  the  ultimate 
nature  of  electricity  may  be,  it  so  far  behaves  like  an  incom- 
pressible fluid  as  to  be  subject  to  a  law,  resembling  the  Hydro- 
kinetic  Law  of  Continuity,  of  the  general  form 
du  dv  (ho  _ 
dx      dy       dz        ' 

where  «,  v,  w  are  the  three  components  of  the  flow  of  electri- 
city resolved  along  rectangular  coordinates. 

*  Comnmincated  by  the  Author. 
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The  experimental  evidonce  which  exists  forbids  us,  more- 
over, to  think  that  the  absolute  quantity  of  electricity  within 
a  closed  surface  can  be  altered  by  the  transformation  of  any 
other  physical  quantity  into  electricity.  For,  indeed,  electri- 
city belongs  to  a  category  by  itself.  It  does  not  possess  mass, 
and  therefore  is  not  a  form  of  ordinary  matter  ;  it  does  not 
conform  to  the  same  physical  dimensions*  as  energy,  and  there- 
fore cannot  be  in  itself  a  form  of  energy.  Neither  matter  nor 
energy,  then,  can  be  transformed  into  electricity  ;  nor  can 
electricity  be  itself  transformed  into  either  of  these  physical 
quantities. 

Therefore  any  system  of  electric  bodies — that  is  to  say,  any 
system  whose  parts  consist  of  definite  quantities  of  electricity — 
niust  be  regarded  as  a  conservative  system,  and  therefore  sub- 
ject, when  regarded  as  a  system,  to  a  definite  Law  of  Conser- 
vation. 

2.  These  considerations  have  therefore  led  the  present 
writer  to  propound  elsewhere  t,  in  general  language,  a  doc- 
trine of  the  Conservation  of  Electricity  similar  to  those  already 
recognized  as  holding  good  in  the  case  of  two  other  physical 
entities — Matter  and  Energy. 

The  author  proposes  in  the  present  paper  to  trace  out  some 
of  the  bearings  of  the  doctrine  of  the  Conservation  of  Elec- 
tricitv,  particularly  in  relation  to  the  questions  of  the  Distri- 
butioii  of  Electricity  in  Space  and  of  the  Absolute  Scale  of 
Electrification. 

3.  Although  the  late  Professor  Clerk  Maxwell  used  the 
clear  and  emphatic  language  quoted  above,  the  idea  of  the 
ultimate  Conservation  of  Electricity  appears  to  have  been 
rejected  by  him,  in  consequence  of  the  negative  results  which 
attended  his  experimental  attempt  to  discover  whether  an  elec- 

•  Matter  has  dimeusious  [M],  Euergy  [ML^T"^],  and  Electricity 
[M^L?T~^J.  The  hatter  vahie  is  obtained  from  a  consideration  of  the 
Law  of  Coulomb,  that  QxQh-L''=  force  =[MLT-2]  ;  ^vhence 

Q=[(ML=T-2)i]. 
But  the  dimensions  of  self-attractive  matter  may  be  similarly  considered 
by  Newton's  Law  that  -M  .  :M-^L==  force  =[MLT--],  whence 

M=[-L3T-2], 
And  if  this  value  be  put  in  place  of  M  in  the  dimensions  of  Q  above,  we 
get  Q=[V'^1(L^T~^)],  a  quantity  whose  dimensions  difler  only  from 
those  of  M  in  being-  preiixed  by  the  imaginary  quantity  V-L     This 
seems  to  indicate  an  important  relation.  ^ 

t  See  reference  in  'Nature,"  vol.  xxiv.  p.  76,  to  Preface  of  the  author  s 
'Elementarv  Lessons  in  Electricity  and  Magnetism,'  and  to  the  indepen- 
dent enunciation  of  the  same  doctrine  by  M.  G.  Lippmann,  in  Comptes 
Mendusj  t.  xcii.  p.  1040. 
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trie  current  possesses  momentum*.  He  expressed  himself  as 
of  opinion  that,  were  any  such  action  to  be  discovered,  we 
should  be  able  to  regard  ''  one  of  the  so-called  kinds  of  elec- 
tricity" as  a  "real  substance,"  and  "we  should  be  able  to 
describe  the  electric  current  as  a  true  motion  of  this  substance 
in  a  particular  direction."  The  experiment  which  Maxwell 
chose  wherewith  to  test  this  question  consisted  in  starting  a 
current  suddenly  in  a  horizontal  conducting  ring  or  coil,  sus- 
pended by  a  thin  wire  in  a  space  in  which  the  horizontal  com- 
ponent of  magnetic  force  was  absent.  He  then  expected  to 
find  that,  "  if  electricity  were  a  fluid  like  water,"  then  at  the 
moment  of  starting  the  current,  and  while  its  velocity  was  in- 
creasing, there  would  be  a  mechanical  reaction  upon  the  con- 
ducting coil  or  ring  Avhich  would  set  the  coil  in  rotation  in  the 
opposite  sense  to  that  of  the  flow  of  the  current,  a  cessation 
of  the  current  being  likewise  accompanied  by  a  rotational 
reaction  in  the  same  direction  as  the  flow.  No  such  pheno- 
menon was,  however,  observed.  It  is  rather  difficult  to  un- 
derstand how  a  mechanical  reaction  could  have  been  expected. 
To  start  a  current  in  the  coil  requires  the  application  of  elec- 
tromotive force,  not  of  ponderomotive  force.  The  suggestion 
appears,  indeed,  to  have  arisen  out  of  a  dilemma  which  is  stated 
in  art.  568  of  Maxwell's  treatise,  as  to  whether  the  energy  of 
an  electric  current  is  "  of  that  form  which  consists  in  the 
actual  motion  of  matter  (kinetic  energy),  or  of  that  which 
consists  in  the  capacity  for  being  set  in  motion  "  (potential 
energy).  The  solution  to  the  dilemma  is,  that  energy  is  not 
necessarily  of  either  of  these  kinds,  but  may  also  be  either 
electrokinetic  or  electropotential  if  of  that  fonn  which  consists 
in  the  actual  motion  of  electricity  or  of  that  Avhich  consists  in 
the  capacity  of  electricity  for  being  set  in  motion.  We  must, 
of  course,  accept  the  view  that  a  system  containing  an  electric 
current  "is  a  seat  of  energy  of  some  kind" — and  that  this 
energy  must  be  of  a  kinetic  order  "  since  we  can  form  no 
conception  of  an  electric  current  except  as  a  kinetic  pheno- 
menon "  (Maxwell,  art.  552).  Yet  its  energy  is  certainly 
not  ponderokinectic,  but  electrokinetic,  being  the  energy 
which  moving  electricity  has  in  virtue  of  its  motion. 

One  other  consideration  advanced  by  Maxwell,  as  against 
the  supposition  that  the  electricity  in  the  conductor  may  be 
regarded  as  the  moving  body  in  which  we  are  to  find  the 
energy,  is  that  whereas  the  (electrokinetic)  energy  of  the  cur- 
rent depends  upon  the  external  medium  and  its  conditions,  as 
well  as  upon  the  current  itself,  the  (ponderokinetic)  energy 
of  a  moving  mass  "  does  not  depend  on  anything  external  to 
*  '  Electricity  and  Magnetism,'  art.  574, 
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itself/'  But  here  again  the  reasoning  is  at  fault ;  for  the 
kinetic  energy  of  a  moving  body  is  equal  to  the  half-pro- 
duct of  its  mass  into  the  square  of  the  velocity  in  space  of  its 
centre  of  inertia,  a  Aelocity  which  must  be  reckoned  as  rela- 
tive to  something  else,  and  which  depends  therefore  upon  the 
external  conditions*. 

It  would  a])pear,  then,  that  kinetic  energy  may  be  of  either 
of  two  kinds — ponderokinetic  and  olectrokinetic ;  and  that 
potential  energy  inay  also  be  of  two  kinds — namely,  either  the 
mutual  energy  of  two  masses  of  self-attracting  matter,  or  the 
mutual  energy  of  two  quantities  of  self-repelling  electricity 
(see  below,  §  5). 

4.  Relationt<  between  Matte)',  Energy,  and  Electricity. — Of 
the  three  conserved  physical  quantities,  Matter,  Energy,  and 
Electricity,  it  would  therefore  appear  that  two,  namely  Matter 
and  Electricity,  stand  each  in  very  similar  relation  to  the  third. 
Energy.  The  following  facts  bring  out  this  relation: — 
(a)  To  set  matter  in  motion  requires  the  expenditure  of 

energy. 
(«)  To  set  electricity  in  motion  requires  the  expenditure  of 

energy. 
(h)  When  the  motion  of  matter  is  arrested  its  (pondero-) 
kinetic  energy  reappears  in  the  form  of  heat  (or  some 
other  equivalent  form). 
(/3)  When  the  motion  of  electricity  is  arrested,  its  (electro-) 
kinetic  energy  reappears  in  the  form  of  heat  (or  some 
equivalent  form), 
(c)  Energy  spent  upon  an  elastic  body,  when  it  sutlers  a 
strain  under  the  action  of  a  stress,  passes  from  the  (pon- 
dero-) kinetic  to  the  (pondero-)potential  state. 
(7)  Energy  spent  upon  a  medium  AA'hich  possesses  electric 
elasticity  (see  MaxAvell,  Art.  50),  such  as  glass,  air, 
vacuum,  or  any  non-conducting  dielectric,  causes  it  to 
experience  a  strain  which  is  partly  electrical  {i.  e.  an 
electrical  displacement)  and  partly  mechanical,  the 
(electro-)kiuetic  energy  passing  over  into  potential 
energy,  part  of  it  consisting  in  the  displacement  of 
electricity  against  an  electric  reaction  (1.  e.  an  electro- 
motive force),  part  of  it  consisting  in  the  displacement 
of  matter  against  a  mechanical  reaction  (/.  e.  a  force). 
In  the  preceding  case  (<-)  of  mechanical  stress  producing 
mechanical  strain,  as  when  an  elastic  metal  rod  is  struck, 
there  is  also  (as  Yolpicelli  has  shown  t)  a  partial  passing 

•  See  also  Clerk  Maxwell,  '  Matter  and  Motion,'  art_.  ex. 
t  Volpicelli,  Comptes  Rendus,  t.  xxxviii.  15  Mai,  1854. 
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of  the  mecliamcal  kinetic  energy  into  the  energy    of 
electric  displacements. 
{d)  The  vibration  of  matter  when  arrested  changes  into 

heat  or  some  equivalent  form  of  kinetic  energy. 
(S)  The  ^-ibration  of  electricity  {i.  e.  light,  according  to  the 
view  adopted  in  §  7  below  of  the  electromagnetic  theory 
of  light  as  interpreted  by  the  doctrine  of  the  Conserva- 
tion  of  Electricity)  when  arrested  or  absorbed  changes 
to  heat  (unless,  as  shown  later,  the  vibrations  are   too 
rapid  to  be  comparable  to  the  periods  of  calorific  oscilla- 
tions). 
(e)  The  force  -with  which  a  particle  of  matter  acts  upon 
another  particle  of  matter  varies  inversely  as  the  square 
of  the  distance  between  them,  when  the  distance  is  varied, 
and  is  of  the  nature  of  an  attraction.     (Law  of  Xewton.) 
(e)  The   force  with   which  a  quantity  of  electricity  (at  a 
point)  acts  upon  a  similar  quantity  of  electricity  varies 
inversely  as  the  square  of  the  distance  between  them, 
when  the  distance  is  varied,  and  is  of  the  nature   of  a 
repulsion.     (Law  of  Coulomb.) 
5.  Ponderomotive    and    Electromotive  Forces. — The    force 
with  which  one  quantity  of   electricity  acts   upon   another 
quantity  of  electricity  may  be  regarded  either  as  an  electro- 
motive force  or  as  a  true  ponderomotive  force;  for  it  tends  to 
move  electricity,  and  also  to  move  matter,  if  matter  be  asso- 
ciated with  the  electricity.     If  measured  as  a  (ponderomotive) 
force  by  any  ordinary  means  of  measuring  forces,  it  will  in 
general  be  expressed  by  a  numerical  value   different  from 
that  in  which  it  would  be  expressed  as  an  electromotive  force 
by  any  of  the  ordinary  measurements  of  electromotive  forces. 
An  instructive  example  of  this  relation  between  pondero- 
motive and  electromotive  force  is  afforded  by  a  consideration 
of  the  action  of  a  quantity  of  electricity  at  any  point  A  upon 
a  small  sphere,  electrified  with  an  electrification  of  the  same 
sign,  at  a  distant  point  B.     The  action  of  A  is  a  repulsion 
exerted  upon  the  matter  of  the   sphere,  which  repulsion  can 
be  measured  by  balancing  it  against  the  torsion  of  a  fibre  or 
any  other  suitable  mechanical  force.     But  A  also  acts  upon 
the  electricity  with  which  the  sphere  at  B  is  charged,  and 
repels  it,  with  an  electromotive  force.     If  the  sphere  is  moved 
against  a  mechanical  reaction,  such  as  that  of  the  torsion  of  a 
fibre,  work  will  be  done  ;  and  its  value  will  be  the  product  of 
the  average  force  into  the  distance  through  which  the  sphere 
is  moved.     If  the   electricity  is  moved  against  the   electric 
reaction  of  some  other  electromoti^  e  force,  work  will  be  done 
equally.     This  may  be  accomplished  either,  (?)  by  the  elec- 
Phil  Mag,  S.  S.Vol.  12.  2s''o.  72.  July  1881.      '        C 
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tricit}'  being  repelled  through  a  conductor  against  some 
existing  electromotive  force,  thereby  doing  work  (as,  for 
example,  by  being  sent  through  electrolytic  cells,  where  it 
does  electrochemical  work  against  the  electromotive  force  of 
the  cells)  ;  or  (//)  by  the  charged  sphere  being  itself  moved 
(mechanical  forces  being  supposed  absent),  the  work  in  this 
case  being  the  half-product  of  the  quantity  of  electricity 
moved  into  the  difference  of  potentials.  In  any  case  the 
potential  energy  of  the  system,  as  at  first  supposed,  will 
reappear  as  energy  in  the  final  configuration  of  the  system, 
whether  that  energy  be  transferred  from  its  initial  distribu- 
tion to  its  final  distribution  in  the  system  by  electrical  or 
mechanical  reactions. 

It  is  well  recognized  that  the  kinetic  energy  of  a  moving 
mass  may  be  transformed  into  other  forms  of  kinetic  energy, 
the  value  of  the  transformation  depending  on  the  conditions 
of  the  transformation.  So,  also,  the  ])otential  energy  of  a 
system  may  be  transformed  into  either  of  the;  two  kinds  of 
kinetic  energy  and  be  ro-transformed  into  potential  energy  by 
transference  through  the  system  under  appropriate  condi- 
tions, the  force  exhibited  during  the  operation  being  pondero- 
motive  or  electromotive  according  to  whether,  in  the  round 
of  changes  from  the  initial  to  the  final  state,  the  energy  is 
applied  to  the  reaction  of  matter  upon  matter,  or  to  that  of 
electricity  upon  electricity. 

6.  Relation  of  Matter,  Energy,  and  Electricity  in  resjyect  of 
Distribution  in  Space. — Suppose  all  the  matter  in  the  universe 
were  to  be  redistributed  with  a  uniform  distribution  through- 
out space.  Such  a  distribution  would  possess  a  maximum  of 
potential  energy,  and  would  therefore  be  in  the  condition  of 
most  unstable  equilibrium  possible.  The  Newtonian  law  of 
self-attraction,  varying  in  intensity  with  the  inverse  square 
of  the  distance  (though  it  is  probably  not  an  ultimate  pro- 
perty of  matter),  would  at  once  come  into  play,  and  cause 
the  system  to  tend  to  a  condition  of  aggregation  in  nuclei, 
the  potential  energy  turning  into  kinetic  as  the  separate 
masses  gravitated  towards  one  another.  As  these  masses 
clashed  together,  a  part  at  least  of  their  energy  being  trans- 
formed into  heat,  the  tendency  would  set  in,  as  laid  down  in 
the  theory  of  the  Dissipation  of  Energy,  to  produce  a 
uniform  distribution  of  temperature  throughout  space  ;  which 
process  would  be  further  aided  by  the  process  of  radiation,  as 
laid  down  in  the  Electric  Theory  of  Radiation  below  (§  7)  as 
consisting  in  a  transference  of  energy  through  the  forms  of 
electrokinetic  and  electropotential  energy,  alternately  ex- 
hibited in  the  vibrations  of  the  interstellar  medium,  until 
absorbed  by  matter  to  reappear  again  as  heat. 
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Suppose,  on  the  other  hand,  all  the  electricity  \xx  the  uni- 
verse to  be  distributed  throughout  space  with  a  perfectly- 
uniform  distribution.  By  virtue  of  the  law  of  self-repulsion, 
varpng  with  the  inverse  square  of  the  distance,  such  a  dis- 
tribution will  be  in  the  most  stable  equilibrium  of  all  possible 
distributions,  since  its  potential  energy  is  a  minimum.  In 
any  other  distribution,  by  which  electricity  should  be  aggre- 
gated so  as  to  produce  more  at  one  point  and  less  at  another, 
the  potential  energy  of  the  system  would  be  greater. 

Suppose,  further,  that  both  matter  and  energy  being  uni- 
formly distributed  throughout  space,  they  should  become 
associated  together  by  each  particle  of  matter  receiving  a 
definite  portion  of  electricity  as  a  charge.  The  potential 
energy  of  the  self-attracting  matter  is  a  maximum  ;  that  of 
the  self-repelling  electricity  a  minimtim.  Now  suppose  ag- 
gregation to  take  place  toward  a  nucleus  or  nuclei,  each 
particle  of  matter  carrying  its  charge  of  electricity  with  it. 
The  potential  energy  of  the  matter  will  diminish,  its  kinetic 
energy  increase.  The  potential  energy  of  the  electricity  will, 
on  the  other  hand,  be  increasino-.  and  will  be  increasing  at 
the  expense  of  that  of  the  matter.  If  the  rate  of  increase  in 
that  of  the  electricity  at  any  moment  becomes  equal  to  or 
exceeds  the  rate  of  decrease  in  that  of  the  matter,  the  ten- 
dency to  aggregation  will  be  arrested.  Whether  such  a  state 
of  things  can  occur  depends,  in  the  first  place,  upon  whether 
such  a  supposed  association  between  matter  and  electricity 
can  take  place  or  continue,  and  upon  the  relative  total  amounts 
of  electricity  and  of  matter  in  the  universe — in  other  words, 
upon  the  absolute  charge  of  matter,  supposing  both  matter 
and  electricity  be  initially  distributed  uniformly  and  homo- 
geneously throughout  space. 

7.  Electric  Theory  of  JRacliation. — According  to  Clerk  Max- 
welFs  theory,  "  light  is  an  electro-magnetic  disturbance  pro- 
pagated in  the  same  medium  (the  aether)  through  which  other 
electro-magnetic  actions  are  transmitted.''  Now,  as  shown 
above,  electricity  tends  to  a  uniform  distribution  through 
space ;  it  does  not  possess  mass,  while  at  the  same  time  it 
possesses  a  quality  corresponding  to  elasticity,  and  can  become 
the  recipient  of  energy  of  both  kinetic  and  potential  forms. 
Hence  it  can  answer  the  functions  usually  postulated  of  the 
so-called  "  aether  of  space,"  the  existence  of  which  is  assumed 
on  the  one  hand  by  Young  and  Fresnel  for  the  purpose  of 
explaining  the  phenomena  of  physical  optics,  and  on  the 
other  hand  by  Clerk  Maxwell  for  the  purpose  of  explaining 
the  phenomena  of  electric  and  magnetic  actions  at  a  distance. 
Further,  the  existence  of  such  a  medium  consisting  of  self- 
repeUent  extra-mundane  corpuscles  was  assumed  by  Lesage 
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as  affording  an  intellioiblo  explanation  of  universal  gravita- 
tion— an  explanation  which  would  he  no  less  tenable  were  it 
supposed  that  actual  ultimate  atoms  of  matter  are  impenetrable 
to  electricity. 

It  would  appear,  also,  that  electricity  thus  uniformly  dis- 
tributed through  the  universe  would  exercise  a  definite  pres- 
sure throughout  space,  such  as  has  been  attributed  to  the 
aether  by  Mr.  Tolver  Preston  for  the  explanation  of  cohesion, 
and  by  ]\Ir.  J.  MacFarlane  Gray  for  the  explanation  of  certain 
phenomena  of  thermodynamics.  Doubtless,  also,  the  alleged 
aether  is  subject  to  a  law  of  conservation,  since  we  have  no 
evidence  that  we  can  create  or  annihilate  it,  either  directly 
or  by  transformation  of  it  into  any  other  physical  quantity. 

There  appears,  therefore,  no  reason  why  the  right  name 
should  not  be  given  to  this  supjwsed  medium,  which,  in  order 
to  avoid  confusion  with  existing  terms,  might  be  called  the 
Electricity  of  Sj^ace. 

Electricity,  then,  tills  all  space.  Its  inequalities  of  dis- 
tribution, where  electro-kinetic  forces  have  done  work  upon 
it,  result  in  placing  7nore  of  it  at  certain  points  and  less  at 
others,  or,  in  other  words,  in  givino-  it  a  +  and  a  —  distribu- 
tion.  Its  flow  resembles  that  of  an  incompressible  fluid, 
being  accompanied  by  relative  motions  along  stream-lines, 
with  their  respective  pressures  and  tensions  between  the 
various  parts.  Its  centrifugal  force  gives  rise  to  the  rotatory 
phenomena  of  electromagnetism  and  of  magneto-optics.  Its 
vibrations  are  radiant  light  and  heat.  Just  as  the  air  can 
take  up  the  vibrations  of  a  distant  tuning-fork,  and  can  convey 
them  in  waves  to  a  near  one  and  set  it  in  motion  if  tuned  to 
the  right  note,  so  the  electricity  of  space  can  take  up  the 
vibrations  of  a  molecule  of  sodium  in  a  distant  star,  and  can 
convey  it  in  waves  to  a  molecule  of  sodium  in  our  laboratories 
and  cause  it  to  vibrate — the  energy  of  the  waves  in  the  inter- 
vening space  being  alternately  electro-kinetic  and  electro- 
potential  in  form.  The  so-called  actinic  rays  are  but  vibrations 
of  a  higher  frequency  in  the  electricity  of  space. 

8.  We  have  here  an  explanation  that  is,  at  any  rate,  pro- 
bable of  the  action  of  actinic  rays  in  bringing  about  chemical 
reactions,  especially  those  which,  like  photographic  reactions, 
consist  in  the  splitting  asunder  of  chemically-compound  mole- 
cules, and  in  producing  gradual  reduction  to  a  simple  state. 
Where  the  vibrations  impinge  upon  the  surface  of  the  sensi- 
tive film,  the  waves  penetrate  at  least  a  little  way  into  the 
film,  and  for  at  least  a  short  depth  it  is  exposed  to  the  alter- 
nating displacements  of  the  electricity  of  space,  and  is  there- 
fore under  the  same  conditions   as    if   transient   and  verv 
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rapidly  reversed  electromotiye  forces  were  impressed  upon  it. 
Now  the  impression  of  an  electromotive  force  upon  a  film 
possessing,  as  do  all  photocliemically  active  bodies,  electro- 
lytic conductivity,  will  tend  to  produce  at  least  partial  elec- 
trolysis. Hence  tlie  liberation  of  silver  from  its  less  stable 
salts  under  the  influence  of  light.  The  special  power  of  the 
waves  of  extreme  refrangibility  to  produce  these  actions  may 
be  due  to  the  changes  in  vector-potential  being  relatively 
more  frequent  for  these  than  for  the  less-refrangible  waves, 
and  consequently  more  rapid  in  proportion  to  the  time  of 
■s-ibration  of  the  individual  molecules.  For  if  the  period  of 
the  "s-ibrations  of  the  rays  be  nearly  in  agreement  with  that 
of  the  molecules  of  any  kind  of  matter,  the  (electro-kinetic) 
energy  of  the  alternating  electric  displacements  might  pass 
into  the  (pondero-kinetic)  energy  of  calorific  oscillations. 
"We  know  that  the  periods  of  the  rays  of  lower  refrangibility 
agree  more  nearly  ^^'ith  the  vibration-periods  of  matter^  and 
that  their  absorption  produces  a  rise  of  temperature.  We 
know  also  that  the  periods  of  the  rays  of  higher  refrangibility 
are  small  in  comparison,  and  that  those  rays  do  not  in  general 
produce  calorific  oscillations.  It  may  well  be  accepted  that 
instead  they  produce  the  more  direct  efiTect  of  impressing 
alternate  transient  electromotive  forces  upon  the  quantities  of 
electricity  with  which  the  individual  molecules  appear  to  be 
associated. 

9.  Absolute  Scale  of  Electrification. — If,  then,  electricity'  be 
a  single  physical  quantity,  and  subject  to  a  law  of  conserva- 
tion, it  follows  that  one  or  other  of  the  two  known  kinds  of 
electrification,  either  that  called  '"vitreous'^  or  "positive," 
or  else  that  called  "  resinous  '•'  or  ''  negative/'  must  consist 
of  a  defect,  or  of  an  excess,  above  the  ordinary  distribution,  or 
averao-e  absolute  charge,  in  the  neio-hbourino;  bodies.  Various 
small  specific  difterences  nave  been  observed  from  time  to 
time  in  the  behaviour  of  the  so-called  positive  and  negative 
distributions  of  electrification:  but  from  no  one  of  these  is 
it  easy  to  draw  any  conclusions  as  to  whether  either  the 
"vitreous"  or  the  "resinous"  electrification  really  is  the 
excess.  If  there  be  two  bodies  at  temperatures,  one  of  which 
may  be  above  that  of  the  surrounding  atmosphere  and  the 
other  equally  below,  we  can  say,  without  hesitation,  which  of 
them  has  an  excess,  and  which  a  defect,  of  heat.  If  we  could, 
with  equal  certainty',  say  which  of  the  two  electric  states 
really  is  due  to  an  excess  of  electricity,  and  which  to  a  defect, 
we  should  at  once  be  further  led  to  expect  the  existence  of 
an  absolute  zero  of  electrification,  which  would  be  the  state  of 
a  body  deprived  of  all  electricity.     That  none  of  the  observed 
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phenomena  afford  a  very  striking  criterion  on  this  point 
indicates  that  all  known  electrical  phenomena  take  place  at 
an  absolute  elect  rifioution  far  above  that  of  the  absolute  zero 
of  electrification. 

10.  It  appears,  however,  worth  while  to  inquire  into  some  of 
the  obscure  phenomena  by  which  the  two  electrical  states 
differ  from  one  anotlier,  in  order  to  see  what  bearing  they 
have  upon  the  question  which  of  these  two  states  is  to  be 
regarded  as  the  true  2^lus  state  and  which  the  true  mi7ins. 
The  chief  phenomena  in  question  are  tabulated  below. 


Plicnonienon. 

For  ' '  resinous  " 
electrification. 

For  "vitreous" 
electrification. 

1. 

To  produce  discharge  between 
two  imequal  spheres  requires 

weaker  electrification 

when  the  smaller  is  —  

than  when  it  is  -f. 

{Faraday, Experim.  lies.  L^Ul.) 

o 

A  small  ball,  when  dischar- 
ging,   gives  ofT  apparently 
less  discliarge  when  the  elec- 

trification     

18  —    

than  when  it  is  -f . 

{Faraday,  oj).  cit.  1491.) 

3. 

The   range    of    variation   in 
amounts  of  charge  required 
to    produce     discharge     is 

always 

less  when  charge  is  —  

than  when  it  is  +• 

{Faraday,  op.  cit.  1393.) 

4. 

Drops    electrified   are    more 

pointed  when  electrification 
{Faraday,  op.  cit.  1593.) 

is  —     

than  when  it  is  +. 

b. 

Card  pierced  by  spark  under 
atmo.spheric      pressure     is 

pierced  at  a  point 

nearer  the  —  discharger  

than  the  -}-. 

{Lidlin's  experiment.) 

0. 

Spark-discharge  turns  to  brush 

sooncT 

at  a  —  surface    

than  at  a  +. 

{Faraday.) 

7. 

Brush-discharge   turns     to 

glow  later  

at  a  —  surface  

than  at  a  -f . 

{Faraday.) 

8. 

Discharge  by  a  heated  body 
takes  place  at  a  higher  tem- 

perature for   

—  electrification    

than  for  -f. 

{Guthrie.) 

9. 

Discharge  in  vacuo  has   the 

appearance  of  a  force    

emanating  from  —  electrode. 

{Gassiot.) 

10. 

Eadiomcter-vanes  in  vacuous 

lube  are  repelled  

{Geissler.) 

from  —  electrode  

toward  -|-  electrode. 

11. 

In  high  vacua  the  direction  of 
the  discharge  is  normal  to 

the  surface  of 

the  —  electrode 

and  independent  of 
the  position  of  the 

{Cr  cokes.) 

-f  electrode. 
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Phenomenon. 

For  "resinous" 
electrification. 

For  "  vitreous  " 
electrification. 

12. 

In  discharge  bygas-conyection 

the  temperature  is  higher... 
In   discharge  by  disintegra- 

at the  —  pole 

than  at  the  -t-  pole. 

13. 

tion  (as  in  voltaic  arc)  the 

temperature  is  lower 

at  the  —  pole 

than  at  the  -|-  pole. 

14. 

In  electric  osmose  the  liquid 

is  displaced  toward   

the  —  electrode 

and  from  the  -l~ . 

{Porrctfs  Phenome7ion.) 

15. 

In  the   case   of    diaphragm- 
currents  the  direction  of  the 
electric    current    coincides 
with  that  of  the  water. 

( Quinc/ce.) 

16. 

When  filings  of  a  metal  are 
projected  against  a  polished 

plate  of  the  same  

the  filings  are  —   

the  plate  -f . 

{Becquerel.) 

17. 

The    more    pointed   ends  of 

pjroelectric  crystals  are  . . . 

—  while  cooHng    

-f  while  warming. 

18. 

In  Lichtenberg's  figures  the 

—  figures  are  less  branched 

the  -^-  more  so. 

19. 

In   the    brush-discharge   the 

pitch  of  the  sound  is  higher 

for  —  electrification 

than  for  -f. 

{Faraday,  op.  cif.  14(i8.) 

20. 

In    the    brush-discharge   the 

frequency  of  the  discharge 
{Faraday,  op.  cif.  1501.) 

for  —  is  6  or  8  times    

that  of  4- . 

21. 

The  rate  of  loss  of  charge  of 

an  electrified  body  is 

greater  if  the  charge  be  — 

than  if  it  is  -f . 

{Faraday,  Maftencci.) 

22. 

In   general,  discharge    takes 

place  more  readily  for 

—  electrification. 

than  for  -|- . 

In  looking  at  the  facts  tabulated  above,  the  great  balance  of 
e\ndence  appears  to  be  in  favour  of  the  view  that  the  "  resi- 
nous," or  so-called  "  negative,"  electrification  is  that  which 
has  the  stronger  claim  to  be  regarded  as  indicating  the  true 
plus,  or  excess  of  electricity.  The  most  important  arguments 
in  opposition  to  this  view  are  those  to  be  derived  from  the 
phenomena  of  electric  osmose  and  of  diaphragm-currents, 
perhaps  the  least  thoroughly  investigated  phenomena  of  the 
whole.  But,  on  the  other  hand,  the  evidence  is  overwhelming 
that  "  resinous  "  electrification  tends  more  rapidly  towards 
dissipation  or  discharge  than  does  "vitreous"  electrification. 
The  inference  to  be  drawn  from  the  observed  rates  of  loss 
of  charge  is  most  important,  because  the  law^  of  loss  of  charge 
is  the  precise  analogue  of  the  thermal  law  of  cooling.  In 
addition  to  Faraday's  results,  there  is  a  series  of  observations 
obtained  by  Matteucci  *,  made  with  a  torsion-balance  under 
*  AnnaJes  de  Chim.  et  de  Physique,  ser,  3,  t.  xxviii,  p.  386. 
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tlie  most  careful  conditions.  These  researches  show  that  the 
rates  of  loss  of  charge  for  equal  "  vitreous  "  and  "  resinous  " 
electrifications  are  for  feeble  charges  imperceptibly  alike,  but 
that  with  sti-ongcr  charges  the  rate  of  loss  of  charge  was  always 
greater  for  ''resinous"  than  for  "vitreous  "  electrification. 

Now  this  is  precisely  what  analogy  with  the  law  of  dis- 
sipation of  heat  would  lead  us  to  expect  if  "  resinous  "  be  the 
triie  plus  electrification.  Tlie  careful  researches  of  Dulong 
and  Petit  showed  that  Newton's  law  of  cooling  (that  the 
rate  of  loss  of  heat  is  proportional  to  the  excess  of  tempera- 
ture of  the  body  above  that  of  the  circumambient  air  and  of 
an  enclosure  in  which  it  is  placed)  is  inexact;  for  they  found 
the  rate  of  cooling  of  a  hot  body  to  be  higher  (for  same  excess) 
at  higher  temperatures  than  at  lower.  The  somewhat  compli- 
cated law  which  they  finally  enunciated  as  representing  their 
results  gives  the  absolute  amountof  heat  emitted  as  being  pro- 
portional to  (1-0077)?, 

where  6  represents  the  temperature  in  Centigrade  degrees — a 
function  which  for  higher  temperatures  has  values  a  little 
higher  than  if  the  radiation  were  taken  as  proportional  to  the 
absolute  temperature,  which  might,  a  priori,  have  been  ex- 
pected to  be  the  law. 

A  formula  given  by  Peclet  to  express  the  number  of  calo- 
ries per  hour  lost  by  a  square  metre  of  surface  of  a  sub- 
stance whose  temperature  was  T°  (Centigrade),  cooling  in  air 
of  temperature  t°  C,  is  as  follows  : — 

Q=Z,T(0-9556 +  0-00370  (1  +  0-0056T), 
where  k  is  a  coefficient  depending  only  on  the  nature  of  the 
body.  Hero  the  first  of  the  two  factors  in  brackets  is  a  term 
very  nearly  proportional  to  the  absolute  temperature,  since  the 
formula  was  calculated  from  observations  in  which  the  tem- 
perature =  12°  C. 

A  still  more  decisive  result  was  obtained  by  Provostaye  and 
Desains*,  who  investigated  the  law  of  rate  of  heating — the 
body  to  be  experimented  upon  being  placed  within  a  vacuous 
enclosure  surrounded  by  a  steam-jacket,  the  rise  of  tempera- 
ture from  about  60°  C.  to  100°  C.  being  watched.  They  found 
that  the  complete  law  of  exchange  of  heat  between  two  bodies 
at  different  temperatures  might  be  represented,  either  for  heat- 
ing or  cooling,  by  an  expression  of  the  general  form 

Y=:md^ — ma^'j 

where  T  and  T  are  the  two  temperatures.     But  they  found 

that  the  coefficient  m  had  less  values  for  the  case  of  heating  than 

for  the  case  of  cooling.     They  gave  the  following  cases  in  illus- 

*  Aim,  de  Cliim,  et  de  F/ii/tiiqm,  ser.  3,  t.  xvi.  p.  409. 
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tration  of  the  point  that,  for  equal  differences  between  the 
initial  temperatures,  the  ratio  between  the  rate  of  cooling  down 
from  a  temperature  above  that  of  the  enclosure  and  the  rate 
of  heating  up  from  a  temperature  below  that  of  the  enclosure, 
increases  with  the  temperature-range. 


Difference  of  tern perat are. 

Rate  of  cooling. 

Eate  of  heating,  i 

3 

10 
500 

1-039 

1-0797 

1-2153 

1-000 
1-000 
1-000 

Assuming  as  the  lower  temperatilre  0°  C.  (which  is,  how- 
ever, not  exact),  it  Avill  be  seen  that  the  ratio  of  the  rate  of 
coolino-  to  the  rate  of  heatino;  is  not  verv  different  from  the 
ratio  of  the  initial  and  final  absolute  temperatures;  for 

1  + -003665  X      5  =  1-018, 

1  +  -003665X    10  =  1-036, 

1  + -003665  X. 500  =  2-832. 
The  great  discrepancy  of  the  last  value  is  accounted  for  by  the 
impossibility  of  comparing  a  cooling  from  +  500°  with  a  heat- 
ing up  from  —500°. 

It  is  therefore  clear  that,  though  the  rate  of  loss  of  heat  is 
not  rigorously  proportional  to  the  absolute  temperature,  those 
bodies  whose  absolute  temperatures  are  highest  part  more 
quickly  Mith  their  heat  for  a  given  difference  of  temperature. 
Suppose,  therefore,  two  bodies  of  equal  mass  and  surface,  and 
of  equal  specific  heat,  one  heated,  the  other  cooled,  until  the 
excess  of  temperature  of  the  one  is  exactly  equal  to  the  defect 
of  the  other.  If  we  had  no  other  means  of  ascertaining  which 
was  at  the  higher  absolute  temperature,  we  could  be  quite 
certain,  provided  we  only  observed  the  rates  of  diminution  in 
their  respective  differences  of  temperature  from  that  of  the 
mean-temperature  enclosure  in  which  they  were  placed;  for  that 
one  whose  rate  of  change  of  tempeiature  was  the  greater  would 
be  the  one  which  had  initially  a  true  excess  of  heat. 

It  seems  only  legitimate,  when  we  consider  the  innume- 
rable analogies  between  the  diffusion  of  heat  and  that  of 
electricity  (especially  in  diffusion  by  conduction),  to  conclude 
that,  as  the  rate  of  loss  of  charge  in  "  resinously  "  electri- 
fied bodies  is  greater  than  that  of  "vitreously"  electrified 
bodies,  the  state  of  "  resinous  "  electrification  corresponds 
in  reality  to  that  of  excess  or  to  a  tnie  phis  electrification; 
and  this  is  the  electrification  possessed  by  our  earth  relatively 
to  the  surrounding  space. 
University  College,  Bristol, 
May  24, 1881. 
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III.  Crystallograpliic  Notes.     By  L.  Fletcher,  M.A."^ 

VIII.  A  Twin  of  Zircon. 

ALTHOUGH  zircon,  rutile,  and  cassiterite  have  been  long 
looked  upon  as  isomorpbous,  zircon  has  been,  till  within 
the  last  three  years,  remarkable  for  the  aljsence  of  the  twin 
growth  which  is  so  usual  a  feature  in  the  other  two  species. 
In  1878  Herr  Otto  Meyerf,  in  a  paper  relative  to  the  rocks 
met  with  in  the  St.  Gotthard  tunnel,  called  attention  to  the 
fact  that  zircon  was  present  in  considerable  quantity  as  a  mi- 
croscopic constituent  of  some  of  the  crystalline  schists,  and 
further  observed  that  the  minute  crystals  were  occasionally 
twinned  according  to  the  same  twin  plane  (101)  as  the  crys- 
tals of  rutile  and  cassiterite.  In  the  same  year  Herr  Hussak| 
mentioned  his  discovery  of  simple  microscopic  twins  of  zircon 
according  to  the  same  law  in  the  eklogite  from  Styria,  and 
of  both  simple  and  polysynthetic  twins  in  the  mica  schist  of 
the  St.  Gotthard  tunnel.  One  of  the  crystals  Avas  measured 
by  him,  and  found  to  be  0-16  millim.  long  and  0-04  millim. 
broad. 

Very  lately  large  crystals  of  zircon  have  been  found  at  Ren- 
frew in  Canada.  The  largest  specimen  which  has  yet  reached 
this  country  weighs  408  grams:  it  is  a  simple  crystal  presenting 
the  forms  -jllO},  {ill},  and  -|  2  2  1  [ .  A  second  specimen, 
weighing  52*785  grams,  is  of  great  in- 
terest as  showing  the  twinning  of  zircon  y/T^ 
on  a  far  from  microscopic  scale.  The  /^^^i^ 
habit  of  the  individual  crystals  and  the 
general  aspect  of  the  twin  will  be  evi- 
dent from  the  accompanying  figure. 
The  forms  present  are  the  prism  -jl  1  O}^ 
and  the  pyramids  {lllj-,  ]22li, 
1 3  3  1  f :  while  on  one  quoin  there  is  a  ^^\^  Wi'3^ 
well-developed  face,  which  proved  upon  ^vUJ^ 

measurement  to  belong  to  the  ditetra-       ^  ^^j^  ^^  zircon 
gonal  pyramid  (3  1 1).     The  angle  be- 
tween two  corresponding  prism-faces  of  the  different  indivi- 
was  found  by  measurement  to  be  44°  47',  a  result  sufficiently 
near  to  the  calculated  value  44°  50'  to  prove  that  the  growth  is 
really  due  to  twinning  about  the  above-mentioned  plane  (101). 

*  Read  before  the  Crystallological  Society,  May  30,  1881. 

t  Zeitschrift  tier  Deuischen  geologischen  Gesellschaft,  1878,  Band  xxx. 
p.  10. 

X  Tscliermak,  Mineralogische  und  Petrographische  Mittheilungen,  1878, 
p.  277. 
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The  crystals  are  of  a  brownish  colour,  and  are  in  parts  quite 
transparent ;  the  faces  have  an  adamantine  lustre  ;  the  specific 
gravity  is  4*552,  and  approaches  that  of  the  specimens  of  the 
same  mineral  from  the  Ilmen  Mountains. 


IV.   On  the  Ascent  of  Hollow  Glass  Bulbs  in  Liquids. 
By  Edmund  J.  Mills,  D.Sc,  F.R.S.^ 

1.  XXTHEN  a  hollow  glass  bulb  is  detained  at  some  depth 
▼  T  below  the  surface  of  a  liquid  and  then  released 
from  its  position,  it  rapidly  acquires  a  sensibly  uniform  velo- 
city; and  the  motion  continues  to  be  characterized  by  such 
velocity  until  the  surface  is  reached  or  nearly  reached,  the 
velocity  at  that  time  being  much  accelerated.  The  bulb  next 
rises  somewhat  out  of  the  liquid  and  then  falls  ;  oscillating 
thus,  until  it  finally  comes  to  rest  under  the  usual  conditions 
of  a  floating  body.  In  the  present  paper  I  propose  to  give 
an  account  of  an  experimental  investigation  which  has  refer- 
ence to  the  stage  of  uniform  velocity. 

2.  The  bulbs  I  have  generally  employed  consist  of    Fig.  1. 
lead  glass,  and  have,  as  will  be  seen  in  the  accom- 
panying figure,  a  somewhat  pyriform  shape  ;   the 
stalk  terminates  in  a  hook,  which  carries  an  adjusted 
glass  weight.     A  few  small  projections  are  sealed  on 
to  the  body  of  the  bulb  in  order  to  prevent  too  close 
accidental  contact  with  a  wetted  boundary.  In  work- 
ing with  these  bulbs,  I  have  alwavs  effected  the  de- 
pression  with  a  piece  of  glass  tubing,  and  find  that    Scale  ^. 
after  some  practice,  it  is  seldom  an  experiment  is  lost  by  lateral 
divagations  of  the  bulb.     It  is  necessary  that  aU  the  surfaces 
be  clean. 

I.   Change  of  the  Diameter  of  the  Reservoir. 

3.  A  series  of  glass  cylinders  having  been  selected,  their 
mean  diameters  between  two  fixed  marks  220  centimetres 
apart  were  determined.  These  marks  were  ruled  at  places 
sufficiently  distant  from  the  surface  and  bottom  of  the  liquid 
to  ensure  the  uniformity  of  the  motion  observed  between  them. 
The  liquids  were  first  heated  a  little  above  the  temperature 
desired  for  the  experiments,  then  poured  into  the  cylinders ; 
and  these  were  immersed  in  a  much  larger  glass  vessel  con- 
taining water  of  very  nearly  the  same  temperature.      The 

*  Coimnuuicated  by  the  Physical  Society,  having  been  read  at  the 
Meeting  on  May  14,  1881. 
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tLermoiiicters  used  could  be  read  directly  to  tenths,  and  to 
hundredths  by  estimation.  The  times  were  taken  with  a  me- 
tronome beating  thirds  of  seconds. 

4.  The  following  experiments  were  made  at  16°  with  a  mix- 
ture of  alcohol  and  water  of  sp.  gr.  •9120  at  that  temperature ; 
they  are  compared  in  the  table  with  numbers  calculated  from 
the  equation 

{t-T)cP  =  C,  I 

(t-6-10)dr  =  23-09.1 

Table  I. 

d.  t  obs,  t  calc. 

5-66     6-56  6-84 

4-7G     6-83  7-18 

3-37     8-17  8-18 

2-79     8-62  9-13 

2-20     12-08  10-97 

Probable  error  of  a  single  experiment,  0*44. 

The  experiments  were  actually  made  on  a  height  of  11 
centim.;  and  the  values  obtained  for  t  were  half  those  given  in 
the  table.     Each  result  is  a  mean  of  seven  determinations. 

From  the  above  comparison,  it  appears  that  the  product  of 
the  number  of  seconds  t  (less  a  constant  t)  into  the  square  of 
the  diameter  d  of  the  cylinder  is  a  constant  quantity  c.  The 
time  of  ascent  through  a  cvlinder  of  infiuite  diameter  would 
have  been  t  =  6"10  seconds.  The  law,  however,  shows  indica- 
tions of  failure  when  the  diameter  is  narrowed  to  2-2  centim. 

5.  Table  II.  contains  the  results  of  some  experiments  vdih 
recently-boiled  water,  at  15°,  and  another  bulb.  The  time  is 
calculated  to  seconds.  Each  result  is  a  mean  of  these  deter- 
minations. 

Table  II. 

d.  t  obs.  t  calc. 

17-16  26-2  26-17 

9-24  26-1  26-71 

5-66  26-3  27-97 

4-76  27-7  28-80 

3-37  29-9  31-63 

2-79  37-6  34-24 

2-20  41-0  39-20 

Equation,  (^-25-95^=64-56. 

Probable  error  of  a  single  experiment  1-29. 

Sum  of  the  errors  {t  obs.  —t  calc),  +0-08, 
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The  last  two  numbers  suggest  the  same  remark  as  in  (4). 

6.  A  sample  of  hydrocarbon-oil  was  next  tried,  a  different 
weight  and  bulb  being  used.  Each  result  is  a  mean  of  six 
determinations.  The  sp.  gr.  of  the  oil  was  '9120  at  16°,  i.  e. 
the  same  as  that  of  the  mixture  of  alcohol  and  water  referred 
to  in  (4). 

Table  III. 

d.  t  obs.  t  calc. 

5-66  31-5  31-41 

4-76  35-3  34-91 

3-37  46-0  46-80 

2-79  57-4  57-73 

[2-20  90-8  78-88] 

Equation  («-22-96K=270-65. 

Probable  error  of  a  single  (1-4)  experiment,  0*37. 

II.   Change  of  the  Unbalanced  Pressure. 

7.  The  unbalanced  pressure,  to  which  the  ascent  of  the  bulb 
is  due,  can  be  conveniently  changed  by  increasing  or  dimi- 
nishing the  weight  attached  to  the  bulb.  If  we  take  a  centi- 
metre as  the  unit  of  volume,  and  understand  by  h  the  mean 
density  of  (bulb  +  contents  +  weight)  referred  to  that  of  the 
liquid  as  unity,  then  (1  —  8)=^  may  be  termed  the  "unba- 
lanced unit  pressure." 

The  following  experiments  were  performed  with  a  bulb  of 
the  usual  size,  recently-boiled  water  at  ll°-5  being  the  liquid. 
The  diameter  of  the  cylinder  was  5-66  centim. ;  the  times  are 
stated  in  half-seconds;  and  each  result  is  the  mean  of  seven 
determinations. 

Table  IV. 

t.  p.                         tp'. 

20  -01139  -0025946 

40  -00810  -0026244 

81  -00569  -0026225 

Equation,  t2?''  =  c='00261SS. 
Probable  error  of  c,  0-25  per  cent. 

8.  Another  set  of  experiments  -was  carried  out  in  the  same 
cylinder,  under  nearly  the  same  conditions,  with  five  varia- 
tions of  weight.  Each  result  is  the  mean  of  five  observations 
of  ascent  through  a  height  of  16-5  centim.  The  times  are 
stated  in  thirds  of  seconds. 
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Table  V. 
t.  p.  tp^. 

15-5     -00438  -00029735 

31-0     -00310  -00029791 

60-0     -00223  -00029844 

97-0     -00177  -00029705 

146-2     -00143  -00029806 

Equation,  ^/=c= -00029776. 
Probable  error  of  ^  =  -0000001G9  =  0-06  per  cent. 
The  product  of  the  square  of  the  unbalanced  unit  pressure 
into  the  time  is  therefore  a  practically  constant  quantity. 

III.   Change  of  Content. 

9.  In  all  the  experiments  above  recorded  the  bulb  contained 
air,  probably  at  a  pressure  slightly  below  that  of  the  atmo- 
sphere. The  moan  density  of  (bulb  +  contents  +  weight)  is 
of  course  affected  by  the  contents  of  the  bulb,  and  then  also 
the  rate  of  ascent. 

If  Ave  regard  as  correct  the  mathematical  relation  last 
arrived  at  (8),  it  is  easy  to  deduce  from  it  an  equation  which 
involves  the  specific  gravity  of  the  contained  gas.  Assuming 
other  conditions  to  remain  unchanged,  the  density  of  the  gas 
is 

't-e 
t 

In  this  expression  t  is  the  time  of  ascent  through  the  con- 
stant height  for  any  particular  gas,  6  the  time  of  ascent  cor- 
responding to  a  gas  of  density  A,  and  B  the  density  of  a 
gaseous  content  which  just  fails  to  let  the  bulb  sink.  It  is 
convenient  to  put  A  =  0,  which  corresponds  to  the  bulb  being 
vacuous  ;  B  and  6  are  then  deduced,  as  the  "  constants  of  the 
bulb,"  from  two  independent  determinations. 

10.  In  order  to  change  at  pleasure  the  contents  of  the  bulb 
its  form  was  slightly  altered,  as  shown  in  fig.  2,  and 

its  volume  enlarged.     The  two  stoppers  Avith  which     Fig.  2. 
it  was  furnished  were  coated,  on  their  ground  sur-        fl 
faces,  with   a   scarcely  perceptible   film  of  grease;       JUL 
the  operator's  hands  were  encased  in  gloves;  and      (      ) 
every  experiment  was  carried  out  as  speedily  as  pos- 
sible.    The  gases  were  employed  in  the  dry  state,  at 
an  average  barometric  pressure  of  about  75-7  cen- 
tim.;  in  the  following  table  their  densities  are  referred 
to  hydrogen.     Each  result  is  a  mean  of  several  de- 
terminations; and  the  times  are  given  in  thirds  of 
seconds.  Scale  \. 


7  =  A  +  By/- 


The  equation  is  7  =  26-032  a/^ 
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Table  VI. 

Gas.  y  found.                  y.                      t. 

Carbonic  dioxide...  21-81  22-00  72-5 

Oxygen     17-17  16-00  38-2 

Air    14-13  14-50  30-6 

Water-gas    6-44  6-00  23-0 

^^-21-589 

Probable  error  of  a  single  comparison,  0*51. 

Great  accuracy  in  work  of  this  kind  is,  of  course,  out  of  the 
question ;  but  for  approximate  determinations,  when  only  very 
small  "solumes  of  a  gas  are  available,  the  method  -svill  probably 
be  advantageous. 

11.  The  following  set  of  experiments  has  reference  to  a 
medium  consisting  of  two  mixed  liquids,  the  rate  of  ascent  of 
a  bulb  in  each  of  which  separately  is  known.  One  of  the 
liquids  was  castor-oil,  the  viscosity  of  which  is  very  consider- 
able ;  to  100  parts  of  this,  successive  quantities  z  of  linseed-oil 
were  added  so  as  to  gradually  reduce  the  viscosity.  The  uni- 
form temperature  was  12°-4.  By  separate  experiments  with 
the  oils  it  was  found  that,  if  t  were  the  rate  of  ascent  of  the 
bulb  in  seconds  per  centimetre,  X  the  rate  for  linseed,  «  the 
unbalanced  unit  pressure  in  castor,  and  /S  the  change  in  that 
pressure  for  every  unit  of  linseed  added,  then 

(i--32335)(-09122  + -00169^)2= -03431 
are  equations  which  fairly  represent  the  experiments. 


J76,J 


Table  VII. 

t.  z  taken.  z  calc. 

4-45454  0-0  0-0 

3-10027  11-1  11-9 

2-21798  25-0  25-7 

1-52758  42-9  46-0 

1-22140  66-7  61-8 

0-32335  00  00 

Probable  error  of  a  single  comparison,  1*7. 

Sum  of  the  errors,  +0-3. 

12.  Castor-oil  presents  the  remarkable  property  of  recover- 
ing its  normal  viscosity  very  slowly  after  heating.  A  sample 
of  the  oil,  through  which  a  bulb  rose  in  a  known  number  of 
seconds  per  22  centim.,  was  heated  to  a  temperature  not  ex- 
ceeding 80°,  and  cooled  to  its  previous  condition.     The  bulb 
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now  took  ten  seconds  less  for  its  ascent.  After  a  day's  repose 
it  rose  again  in  the  oil  with  its  orifrinal  velocity. 

13.  The  fundamental  forniuliu  given  in  this  paper  admit  of 
easy  extension  to  other  cases.  I  have,  for  example,  found  in 
the  ascent  of  a  hollow  glass  bulb  a  good  indication  of  the 
maximum  density  of  water,  and  of  the  amount  of  dissolved 
matter  in  saline  solutions;  and  it  could  obviously  be  applied  to 
determine  the  specific  gravity  of  solid  bodies. 

The  experiments  which  I  have  recorded  show  clearly  that 
the  rate  of  ascent  of  a  solid  through  a  liquid  depends,  not  only 
upon  the  density  of  the  liquid,  but  upon  some  other  property 
— probably  the  viscosity.  When  the  ascending  solid  approxi- 
mates in  diameter  to  the  diameter  of  the  reservoir,  special  retar- 
dation occurs,  and  some  new  law  controls  the  motion.  The  com- 
mencement of  this  retardation  is  earlier  with  oils  than  with 
water,  earlier  with  water  than  with  alcohol  and  water — earlier, 
in  short,  when  viscosity  is  greater.  In  reservoirs  of  sufficient 
diameter,  the  rate  is  inversely  proportional  to  the  square  of 
the  altered  condition. 

My  thanks  are  due  to  Messrs.  ElHs  and  Smith  for  their  aid 
in  this  investigation. 

Glasgow,  March  1881. 


V.    Change  of  State :    Solid-Liquid.      By  J.  H.  PoYNTING, 
Late  Fellow  of  Trinity   College,   Cambridge,  Professor  of 
Physics,  Mason  College,  Birmingham* . 
[Plate  I.] 

TAVO  distinct  types  of  change  of  state  from  solid  to  liquid 
have  usually  been  recognized.  The  most  familiar  of 
these  is  the  ice-water  type,  in  which,  as  the  temperature  rises, 
the  solid  remains  quite  solid  up  to  the  melting-point ;  when 
this  is  reached  it  begins  to  melt  at  the  snrface,  and  the  tem- 
perature remains  constant  till  the  whole  is  liquid,  when  the 
temperature  again  rises.  Corresponding  to  this  change  of 
state  there  is  a  definite  latent  heat.  In  the  second  class  of 
bodies,  of  which  sealing-wax  and  phosphorus  are  examples, 
there  is  a  gradual  softening  as  the  temperature  rises ;  and  this 
softening  takes  place  throughout  the  mass.  There  is  no  definite 
arrest  of  the  rise  of  temperature,  and  no  definite  latent  heat. 

It  has  sometimes  been  supposed  that  the  ice- water  type  is 
merely  a  limiting  case  of  the  sealing-wax  type,  where  the 
softening  takes  place,  but  through  a  very  small  range  of  tem- 
perature. Prof.  Forbes  held  this  view,  and  by  it  attempted 
to  explain  regelation  ;  but  subsequent  experiments  have  not 
*  Communicated  by  the  Physical  Society. 
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supported  the  theory,  and  I  believe  it  is  now  generally  aban- 
doned. 

Since,  in  the  ice-water  form  of  change  of  state,  fusion  only 
takes  place  at  the  surface,  it  seems  much  more  probable  that 
it  is  an  exchange  phenomenon  analogous  to  the  change  which 
takes  place  when  water  is  evaporating,  according  to  the  kinetic 
theory.  Just  as  in  the  case  of  water-steam,  a  steady  state  is 
reached  when  the  number  of  molecules  escaping  from  the  sur- 
face of  the  water  into  the  gas  is  equal  to  the  number  passing 
from  the  gas  into  the  water,  so  in  the  case  of  water-ice  a  steady 
state  (that  is  to  say,  the  melting-point  of  ice)  is  probably 
reached  when  the  number  of  molecules  passing  from  the  ice 
into  the  water  is  equal  to  the  number  passing  from  the  water 
to  the  ice.  For  the  analogue  of  the  sealing-wax  t}-pe  of  melt- 
ing we  must  probably  take  the  change  of  state  which  takes 
place  in  a  liquid-gas  above  its  critical  point,  where  it  changes 
gradually  from  a  state  rather  liquid  than  gaseous  to  a  state 
certainly  gaseous. 

In  this  paper  I  shall  attempt  to  support  this  view  of  solid- 
liquid  change  of  state.  The  following  is  a  summary  of  the 
argument  and  the  conclusions  arrived  at. 

It  is  assumed  that  the  maximum  vapour-tension  of  a  sub- 
stance at  any  temperature  is  an  indication  of  the  number  of 
molecules  crossing  its  surface  in  a  condition  to  escape.  Now 
Regnault's  experiments  show  that  at  0°  ice  and  water  have 
the  same  vapour-tension ;  that  is,  the  number  of  molecules 
crossing  the  surface  of  the  ice  ready  to  escape  is  equal  to  the 
number  crossing  the  surface  of  the  water  in  the  same  condition. 
Hence,  Avhen  the  two  are  in  contact  at  0°,  the  interchange  of 
molecules  is  equal.  For  temperatures  below  0°,  Kirchhotf  has 
shown  that  the  vapour-tension  of  water  is  greater  than  that  of 
ice,  and  above  0°  it  is  less  than  that  of  ice — if  ice  can  exist. 
(Another  proof  of  this  theorem  is  here  given.)  It  is,  then,  easy 
to  give  a  general  explanation  of  the  phenomena  of  melting 
and  freezing  by  supposing  that,  if  the  temperature  is  not  at 
the  melting-point,  the  substance  in  the  state  with  the  greater 
vapour-tension  will  lose  at  the  expense  of  the  state  with  the 
less  vapour-tension. 

To  explain  the  alteration  of  the  melting-point  by  pressure, 
we  must  suppose  that  pressure  alters  the  vapour-tension,  and 
therefore  the  rate  of  escape  of  molecules,  and  that  this  altera- 
tion is  different  for  the  two  states.  Sir  William  Thomson  has 
shown  that  a  liquid  in  a  capillary  tube  is  in  equilibrium  with 
its  vapour  at  a  greater  or  less  tension  than  at  the  plane  sur- 
face according  as  the  surface  is  convex  or  concave,  upwards, 
and  has  given  a  formula  for  the  difference.     Accompauving 
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this  curvature  of  surface  is  a  difference  of  pressure  in  the 
liquid;  and  I  suppose  the  variation  of  va])Our-tension  to  be  due 
to  the  ditference  of  pressure.  A  proof  is  giveu  of  Sir  W. 
Thomson's  formula,  which  seems  to  bring  out  more  clearly  the 
connexion  of  the  phenomenon  with  the  ])ressure,  and  which 
seems  to  apply  to  solids  as  well  as  li(piids.  According  to  this 
formula,  the  steady  state  (the  melting-point)  may  be  reached 
at  any  tem))erature  if  the  pressure  can  be  so  adjusted  that  the 
vapour-tensions  in  the  two  states  at  that  temperature  and 
pressure  are  equal.  Tlie  resulting  lowering  of  the  melting- 
point  by  pressure  agrees  in  amount  with  that  given  by  the 
well-known  formula  of  Prof.  J.  Thomson. 

It  follows  from  this  mode  of  regarding  the  subject,  that,  if 
in  any  way  the  ice  can  be  subjected  to  ]iressure  while  the  water 
in  contact  with  it  is  not  so  subjected,  then  the  lowering  of  the 
melting-point  per  atmosphere  is  about  11-^  times  as  great  as 
when  both  are  compi-essed.  I  give  the  results  of  some  expe- 
riments which  I  have  made  to  test  this^  and  which  certainly 
seem  to  indicate  that  the  fall  of  melting-point  is  much  greater 
than  the  amount  usually  supposed  if  the  ice  alone  be  compressed. 

The  isothermals  for  ice- water  are  then  discussed.  It  has 
been  supposed  that,  if  we  could  employ  asufhciently  low  tem- 
perature and  high  pressure,  then  ice  would  pass  continuously 
into  water  ;  that  is,  the  isothermals  would  have  no  horizontal 
part  corresponding  to  a  mixture  of  ice  and  water,  and  we 
should  have  a  critical  point.  Assuming,  however,  that  a  mix- 
ture of  ice  and  water  completely  freed  from  foreign  gases  can 
be  subjected  to  great  negative  pressure  or  tension,  it  seems 
probable  that  there  is  another  critical  point  at  a  temperature 
above  0°  and  at  a  high  negative  pressure  ;  that  is,  the  water- 
ice  line  is  a  closed  curve.  We  know  that  below  0°  the  water 
isothermals  can  be  prolonged  below  the  horizontal  portion^ 
since  water  is  unfrozen  in  certain  cases, — and  that  the  ice  iso- 
thermals can  be  prolonged  above  the  horizontal  portion:  for  ice, 
at  0°  say,  can  be  suddenly  compressed  without  melting  in  the 
interior.  This  suggests  that  the  true  form  of  the  isothermals 
is  a  continuous  curve,  of  the  nature  which  Prof.  J.  Thomson 
has  suggested  in  the  case  of  liquids  and  their  vapours. 

If  we  suppose  that  the  curves  are  continuous  in  the  same 
manner  for  ice-water  above  0°,  then  Prof.  Carnelley's  "  Hot 
Ice"  would  seem  to  be  represented  by  the  prolongations  up- 
wards of  the  ice  isothermals  beyond  the  horizontal  line  to 
where  they  meet  the  line  of  no  pressure.  The  critical  point, 
which  certain  assumptions  roughly  fix  at  about  14°  C,  would 
then  be  an  ujjper  limit,  or  rather  abo\e  the  limit,  to  the  tem- 
perature of  hot  ice  in  a  vacuum. 
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In  conclusion,  it  is  pointed  out  that  the  sealing-wax  type  of 
melting  is  probably  similar  to  the  change  of  ice  into  water 
below  the  lower,  or  above  the  upper,  critical  points,  if  these 
exist. 

Melting  and  Freezing  of  the  Ice-water  Type  at  ordinary 
Temperatures  and  Pressures. 

It  seems  to  have  been  conclusively  proved  by  experiment  that, 
in  bodies  of  the  ice- water  type,  change  of  ^tate,  either  from  solid 
to  liquid,  or  the  reverse,  takes  place  only  at  the  surface,  or  at  a 
surface  separating  dissimilar  portions.  This  would  also  seem  to 
follow  from  the  fact  that  the  change  of  state  always  requires  a 
certain  finite  amount  of  energy  to  be  abstracted  from,  or  sup- 
plied to,  the  mass  without  alteration  of  temperature.  In  the 
middle  of  a  homogeneous  body,  where  the  temperature  varies 
gradually,  we  must  have  the  energy  per  unit  of  volume  a  con- 
tinuous quantity  as  we  pass  from  point  to  point.  Hence,  when 
at  any  point  there  is  sufficient  energy  per  unit  of  volume  to 
change  the  state,  either  the  surrounding  temperature  must  be 
far  above  the  ordinary  temperature  for  change  of  state,  or  the 
surrounding  substance  must  occupy  an  intermediate  condition 
between  the  two  states.  On  the  former  supposition  we  should 
certainly  not  have  the  ordinary  change  of  state,  though  some- 
thing of  the  sort  mayjoccur  in  the  case  of  Dr.  Carnelley's  "  hot 
ice  ;"  and  in  the  latter  we  should  have  the  sealing-wax  type, 
and  no  signs  of  this  have  been  observed. 

Since,  then,  change  of  state  is  a  surface  phenomenon,  we  are 
led  at  once  to  connect  it  with  the  escape  of  molecules  which  we 
know  to  be  always  taking  place  from  the  surface,  as  indicated 
by  the  definite  vapour-tension  which  the  body  possesses, 
whether  solid  or  liquid.  Now  Regnault's  experiments  have 
shown  that  at  0°  ice  and  water  have  the  same  vapour-tension, 
and  at  the  same  time  a  mixture  of  ice  and  water  at  that  tem- 
perature maintains  the  same  proportion  between  the  two  con- 
stituents as  long  as  no  heat  is  allowed  to  pass  into  or  out  of  it; 
that  is,  as  many  molecules  escape  from  the  water  into  the  ice 
as  pass  in  the  opposite  direction  from  the  ice  into  the  water. 
We  seem,  then,  to  be  justified  in  assuming  that  the  number  of 
molecides  coming  up  to  a  given  surface  with  a  su^cient  velocity 
to  escape  is  indicated  hy  the  maxim^im  vapour-pressure  at  that 
temperature. 

Now  suppose  that  we  have  a  mixture  of  ice  and  water 
below  0°.  Kirchhoff  has  shown  (Pogg.  Ann.  ciii.  p.  206) 
that  below  0°  the  vapour-tension  of  water  exceeds  that  of  ice 
by  '044  millim.  of  mercury  per  degree  ;  and  his  reasoning 
will  equally  prove  that  it  falls  below  it  bv  the  same  amount 
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above  0°,  if  ice  can  exist  at  such  a  temperature.  Prof.  J. 
Thomson  has  subsequently  (Brit.  Assoc.  Report,  1872,  p.  24; 
Proc.  Roy.  Soc.  1878;  •  Nature/  ix.  ]).  392)  arrived  at  a  similar 
conclusion  in(iei)on(k'ntly.  A  proof  differinfi  in  arrangement 
from  Kirchliotf'.s,  and  t'ollo\Ying  out  rather  the  line  indicated 
by  Thomson,  will  be  given  below. 

In  a  mixture,  then,  of  ice  and  water  below  ()^,  ^ince  the 
water  has  the  greater  vapour-tension,  more  molecules  will 
cross  the  surface  from  the  water  to  the  ice  than  in  the  opposite 
direction.  The  iee  will  therefore  gain,  while  the  water  loses. 
At  the  same  time  the  molecules  will  possess  less  energy  when 
arranged  as  ice.  Hence  the  temperature  of  the  whole  will 
rise,  and  this  rise  will  go  on  till  0°  is  reached,  when  there  is 
once  more  equilibrium — or  till  the  whole  is  converted  to  ice, 
if  that  condition  be  previously  reached.  This  seems  suthciently 
to  explain  the  action  of  a  small  pieee  of  ice  dropped  into  water 
below  0°:  and  the  fact  that  the  change  of  state  is  a  surface 
phenomenon  seems  to  show  that  the  presence  of  some  ice  is 
necessary  to  commence  change  of  state. 

If  a  mixture  of  ice  and  water  at  0°  be  supplied  with  heat, 
as  soon  as  the  temperature  rises  ever  so  little  above  0°  the 
equilibrium  of  exchange  is  destroyed ;  for  the  vapour-tension 
of  ice  becomes  greater  than  that  of  water,  and  therefore  the 
number  of  molecules  entering  the  water  from  the  ice  is  greater 
than  the  number  going  in  the  opposite  direction.  But  since 
the  water  arrangement  requires  more  energy,  heat  is  absorbed, 
and  the  mixture  has  a  tendency  to  fall  back  to  0°. 

Before  going  on  to  discuss  the  effect  of  pressure  on  the 
melting-point,  1  give  a  proof,  with  a  somewhat  more  general 
result,  of  Kirchhoff  "s  formula, 

—. r-  =*U44  millim.  of  mercurv, 

at        at 

where  -o/  is  the  maximum  vapour-tension  of  ice,  and  ct  that  of 
water. 

Start  with  a  volume  v  of  water  at  temperature  — 1°.  Let  it 
evaporate,  always  at  the  temperature  —  ^°,  in  a  cylinder  Avhich 
it  does  not  wet,  at  its  maximum  vapour-tension  zy,  vvhich  we 
suppose  to  be  maintained  by  a  piston.  Let  the  ultimate 
volume  of  the  water-vapour  be  V.  Then  the  external  work  done 
in  the  expansion  is  -ur  (V  —  v). 

Now  let  the  vapour  further  expand,  ahvays  at  the  same 
temperature  and  in  equilibrium  Avith  the  pressure,  till  we  have 
reached  a  volume  Y'  at  the  maximum  A-apour-tension  ct'  of 
ice.     Assuming  Boyle's  law  to  hold,  the  work  done  in  this 

expansion  is  w'VMog — ,  :  and  this  would  be  0  if  co  =  q)'. 


Change  of  State :  Solid-Liquid.  37 

Now  introduce  a  particle  of  ice  at  — 1°  into  the  cylinder, 
and  condensation  into  ice  will  go  on  till  all  the  vapour  has  dis- 
appeared. If  the  ultimate  volume  of  the  ice  is  v^,  the  work 
done  on  the  substance  is  '3/(V'— r/). 

Increase  the  pressure  from  sr'  to  nr'+p  till  the  melting- 
point  is  lowered  to  —t°.     If  «'  is  the  coefficient  of  cubic  com- 

pressibility  of  ice,  ^h!v'  is  the  work  done  in  the  compression. 

Introducing  a  drop  of  water,  allow  the  whole  to  melt  into 
water  under  the  pressure  w'  +  p,  the  work  done  during  the 
melting  being 

{w!  +p)  I  i''(l  —  'pk!')  —v{\  —pK)  \ , 

where  k  is  the  coefficient  of  cubic  compressibility  for  water. 

Now  let  the  water  expand  to  its  original  volume  v  by  gra- 
dually reducing  the  pressure  to  •or.     The  external  work  done 

IS  ^  KV. 

We  now  have  the  substance  in  its  original  state ;  and  the 
cycle  through  which  it  has  been  taken  was  reversible  at  every 
step ;  therefore 

Jf=o. 

But  T  is  constant;  therefore 

Then  the  total  external  work  is  zero,  or 


-K+i>){<i-f^)-'.'(i-f)}=o. 

By  means  of  the  equation 

and  neglecting  products  of  -sr  and  k,  this  reduces  to 

^Y\og^  =  p[r'{l-^^)-.v{l-i^)]+{<o-a>'y    (1) 

Neglecting  the  term  (&)—&)') i-,  and  putting  for  -ar'Y  (OqYquT^ 
where  cooVo  ^^'e  the  pressure  and  volume  at  0°  C,  and  T  the 
absolute  temperature,  we  have 

.   ,.{<i--|^)-<i-f)} 

^'~  a,oVo«T  .     .     .     .   (,^; 

For  temperatures  near  0°  C.  we  may  neglect  products  of  » 
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and  K,  and  we  obtain  as  an  approximation 

«'~^"^     co'Y'    ' 
or 

«  —  «'  =  />  -y7- (3) 

AtO°, 

r'-r  =  -087,     V'  =  209037, 
and  the  pressure  required  to  lower  the  melting-point  t°  is 

millim.  bv  the  well-known  formula.     Substitutino;  in 


•00733 

equation  (3),  we  get 

or 

ilci)'       da) 


(0  — Co' =  -04:4:  t, 


,  ,    —  044  millim.  of  mercury,    .     .     (4) 

(It  (if  .  X        ^ 

which  is  KirchhofF's  result. 

If  the  temperature  be  much  below  0°  C,  we  cannot  make 
these  approximations  without  further  examination^  as  the  terms 
containing  k  and  k'  in  (2)  may  rise  into  importance. 

It  may  be  noticed  that  (2)  could  be  used  as  an  equation  to 
determine  p,  the  pressure  required  to  produce  a  fall  of  the 
melting-point  to  T,  if  there  were  any  accurate  experimental 
method  of  measuring  w  and  ct'. 

Effect  of  Pressure  on  the  Melting-jyoint . 

If  wo  are  right  in  regarding  the  change  from  the  solid  to 
the  liquid  state  as  an  exchange  phenomenon  in  which  the  rate 
of  exchange  is  indicated  by  the  vapour-tension,  we  ought  to 
be  able  to  show  that  the  pressure  which  lowers  the  melting- 
point  to  a  certain  temperature  will  so  alter  the  rate  at  which 
the  two  states  of  the  substance  give  oft"  molecules  from  their 
surfaces,  that  at  that  temperature  there  will  be  an  equilibrium 
of  exchange.  That  is,  we  ought  to  be  able  to  show  that  pressure 
alters  the  vapour-tensions  of  the  two  states,  but  alters  them  by 
dift'erent  amounts,  so  that  the  equality  of  vapour-tensions  now 
occurs  at  the  new  melting-point. 

Now  in  the  ordinary  case,  where  the  vapour-tension  is  mea- 
sured we  have  the  substance  only  under  the  pressure  of  its 
own  vapour ;  but  in  the  rise  or  fall  of  a  liquid  in  a  capillary 
tube  we  may  have  a  substance  in  contact  with  its  own  vapour 
when  the  substance  is  at  a  very  different  pressure  from  the 
vapour  in  contact  with  it. 

Sir  William  Thomson  has  shoxNTi  (Proc.  Roy.  Soc.  Edinb. 
1870,  vol.  vii.  p.  63  :  Maxwell's  ^  Heat,'  1877,  p.  287)  that  if 
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a  liquid  rises  in  a  capillary  tube  so  that  its  surface  is  concave 
upwards,  and  (we  may  add)  the  pressure  of  the  liquid  is  less 
than  at  the  plane  surface,  then  the  equilibrium  vapour-tension 
is  less  than  at  the  plane  surface.  If  the  liquid  falls  in  the  tube, 
so  that  the  surface  is  convex  and  the  pressure  greater  than 
at  the  plane  surface,  then  the  equilibrium  vapour-tension  is 
greater.  It  has  been  supposed  that  this  difference  of  vapour- 
tensions  is  due  to  the  curvature  of  the  surface;  and  Fitzgerald 
has  suggested  that  we  may  thus  perhaps  obtain  a  connexion 
between  "two  apparently  unrelated  quantities,"  the  evapo- 
ration and  the  surface-tension  (Phil.  Mag.  [5]  viii.  p.  384). 
But  while  a  very  slight  impurity  in  a  liquid  can  greatly  alter 
the  surface-tension,  it  has  not  been  shown  that  it  alters  the 
evaporation  to  the  same  degree.  I  think  that  we  must  look 
for  the  explanation  elsewhere  than  in  the  curvature  of  the 
surface;  and  I  shall  endeavour  to  show  that  we  may  account 
for  the  effect  by  the  difference  of  pressures  of  the  liquid  at  the 
curved  and  plane  surfaces.  The  curvature  of  the  surface  is 
then,  as  it  were,  an  accidental  accompaniment  of  the  difference 
of  pressure,  and  not  the  cause  of  the  variation  in  the  vapour- 
tension.  We  might  therefore  expect  to  find  the  variation 
taking  place  also  at  flat  surfaces  if  the  pressure  be  altered, 
and  .with  solid  as  well  as  with  liquid  bodies.  We  cannot 
directly  investigate  the  vapour-tension  of  flat  surfaces  under 
pi'essure  ;  but  I  shall  assume  that  we  may  here  take,  instead, 
the  rate  at  which  exchange  ^akes  place  when  the  solid  and  liquid 
are  in  contact  with  each  other. 
SirW.  Thomson^s  formula  is 

2To-  ,_. 

P^'—^p:^^ (5) 

where 

p  is  the  vapour-tension  in  contact  with  the  concave  surface, 
CT  is  the  vapour-tension  in  contact  with  the  plane  surface, 
T  is  the  surface-tension  of  the  liquid, 

p  and  cr  the  densities  of  the  liquid  and  its  vapour  respectively, 
r  the  radius  of  curvature  of  the  curved  surface. 
If  P  be  the  difference  between  the  hydrostatic  pressures 
just  beneath  the  curved  surface  and  just  beneath  the  plane 
surface,  equation  (5)  may  easily  be  put  in  the  form 

P  =  ^-^l, (6) 

r 

or  a  pressure  P  in  the  liquid  increases  the  vapour-tension  by 

an  amount  P  — 
p 

The  following  proof  of  this  formula;/)  =  '57—P  -,  is,  I  believe, 

P 
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iipplicable  to  l)oth  solid.s  and  liquids,  and  obtains  a  more 
general  form  for  tho  result. 

Let  a  volume  r  of  a  body  (solid  or  liquid)  be  in  a  perfectly 
conducting  cylinder  (fig.  1,  Plate  I.)  so  arranged  that  the  tem- 
perature is  always  constant.  A  porous  plug,  which  the  sub- 
stance if  liquid  does  not  wet,  is  in  the  cylinder  ;  and  the  holes 
in  tho  plug  are  to  be  so  fine  that  any  required  pressure  can  be 
applied  to  the  li(juid  without  forcing  it  beyond  the  further  sur- 
face of  the  plug,  the  curved  surface  of  the  liquid  there  with- 
standing the  pressure.  A  piston  to  which  pressure  can  be 
applied  is  in  contact  with  the  substance :  and  beyond  the  plug 
is  another  movable  piston  to  which  any  pressure  can  be  applied, 
the  arrows  in  the  figure  indicating  the  direction  in  which  the 
external  pressures  are  applied  to  the  pistons. 

Let  the  volume  of  the  substance  in  the  denser  state  at  the 
pressure  of  its  normal  vapour-tension  ct  for  the  given  tempera- 
ture be  V.  Let  V  be  the  volume  of  the  whole  as  vapour  at  the 
pressure  -cr.  Let  the  equilibrium  vapour-tension  when  the 
denser  state  is  subjected  to  a  greater  pressure  tsr-f-P  he  p,  and 
let  the  volume  of  the  whole  as  vapour  at  the  pressure  p  be 
V^  Let  the  coefficient  of  cubic  compressibility  be  k.  Now 
take  the  body  through  the  following  cycle. 

Licrease  the  pressure  to  cr  +  P  on  the  left-hand  piston,  and 
then  let  the  substance  evaporate  through  the  plug  to  the  right 
hand,  pushing  out  the  piston  there  at  pressure  /)  till  the  whole 
is  evaporated  to  a  volume  V^  Ifp  be  greater  than  ct,  let  the 
vapour  expand  from  Y',  always  in  equilibrium  with  the  pres- 
sure, finally  arriving  at  a  volume  Y  and  pi-essure  -or.  Now 
cover  the  jiorous  plug,  and,  if  necessary,  commence  condensa- 
tion by  introducing  a  small  amount  of  the  substance.  Push 
in  the  right-hand  piston  at  the  pressure  -bt  till  the  whole  is 
condensed  to  volume  r. 

We  have  now  conducted  the  substance  through  a  cycle  each 
step  of  which  is  reversible*.     Tlien 
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*  It  seems  difficult  to  imagine  a  plug  which  woxild  satisfy  the  condition 
of  reversibility  for  the  solid  under  great  pressure  in  contact  with  its  vapour. 
Perhaps  the  following  would  answer  the  requirements,  if  an  ordinary 
porous  plug  is  insufficient.  Suppose  the  solid  in  a  finely-divided  state, 
and  contained  in  a  liquid  which  -wets  it  but  is  of  a  very  slighth-  greater 
specific  gravitv^,  and  whose  vapour-tension  is  negligible.  During  evapo- 
ration turn  the  cylinder  with  the  vapour-chamber  upwards.  The  particles 
of  solid  win  rise  up  through  the  pores,  and  a  small  ii-action  of  their  surface 
will  protrude,  but  they  will  otherwise  be  subjected  to  a  pressm-e  -nr+p. 
For  condensation  reverse  the  cylinder.  As  the  solid  condenses  on  the 
surface  it  will  ri.se  up  as  fast  as  it  is  formed,  and  so  increase  the  volume 
of  the  chamber  and  force  back  the  piston. 
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But  T  is  constant ;  then 

and  the  external  work  is,  on  the  whole,  zero.     This  gives  us 
(co  +  I)  Vkv  +  (o)  +  V)v{1-Vkv)-p\'-7;tY  log  ^ 

^M\-v)  =  0.     .     .     (7) 

But  since,  at  low  temperatures  such  as  we  are  here  considering, 
Bovle's  law  is  almost  exact,  we  have 

Then,  neglecting  terms  containing  vtk, 

or 

JL=g^vV     .) /gx 

For  ordinary  values  of  P  this  gives 

1,-0,=  ^=  —, (9) 

which  agrees  with  Sir  "W.  Thomson's  result  in  equation  (6). 

It  may  be  worth  while  to  point  out  the  following  result  of 
the  reasoning  on  which  the  above  proof  is  based. 

In  a  quantity  of  liquid  at  a  uniform  temperature,  the  num- 
ber of  molecules  interchanged  across  a  surface  will  increase  as 
we  descend,  owing  to  the  increase  of  pressure.  If  near  the 
surface  the  number  be  proportional  to  the  vapour-tension  at 
the  surface,  then  at  any  depth  the  number  will  be  proportional 
to  the  pressure  in  an  atmosphere  of  vapour  at  that  level  which, 
at  the  level  of  the  surface,  has  the  pressure  of  the  vapour  in 
equilibrium  ;  that  is,  the  liquid  will  behave  as  a  non-vapori- 
zing solid  through  whose  interspaces  the  vapour  can  move 
freely. 

Assuming,  then,  that  equation  (9)  holds  both  for  solids 
and  liquids,  let  us  apply  it  to  the  case  of  ice  and  water  in  con- 
tact with  each  other  at  a  temperature  —t°  and  at  a  pressure  P, 
such  that  —t°  is  the  melting-point. 

Let  'ST  be  the  normal  vapour-tension  of  water  at  — 1°, 
ct'  ..  ,,  ,,  ice  at  —  ^°, 

p  be  the  altered  vapour-tension  of  water, 
//  ..  ..  .,  _  ice, 

p  the  density  of  water,  v  its  specific  volume, 
p'         ,,       5  J        ice,       r'  ,,  „ 

<r         „        „       their  vapour,  Y  its  specific  volume. 
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Taking  c  and  Y  as  the  same  for  ice  and  water  as  an  approxi- 
mation, then  equation  (9)  gives  us 


^  =  OT+P  -=CT+   -^, 


.     (10) 


Subtracting,  we  have 

p-p'  =  ^-^'-V''-^ (11) 

But  by  equation  (3)  we  have 


V    —15 

w-«'  =  P 


then 

p-/  =  0 (12) 

Or,  under  the  pressure  P  at  the  melting-point,  the  vapour- 
tension  of  ice  equals  that  of  water,  and  there  is  an  equal  inter- 
change of  molecules  taking  place.  According  to  this,  then, 
we  may  thus  regard  the  alteration  of  melting-point  by  pres- 
sure. The  pressure  increases  the  number  of  molecules  given 
off  from  the  surfaces  in  contact  with  each  other  in  both  states; 
but  the  increase  is  greater  in  the  case  of  the  less  dense  state. 
Now,  in  the  case  of  ice-water,  ice  is  the  less  dense  state,  and 
below  0°  it  has  the  less  vapour-tension.  Hence  a  sufficiently 
great  increase  of  pressure,  while  increasing  both  vapour-ten- 
sions, can  make  that  of  ice  overtidco  that  of  water,  or  can  lower 
the  melting-point.  For  paraffin,  the  liquid  is  the  less  dense 
state.  Then,  increase  of  pressure  can  only  render  the  two 
vapour-tensions  equal  above  the  normal  melting-point  when 
the  liquid  vapour-tension  is  less  than  that  of  the  solid. 

Suppose  now  only  one  of  the  two  states  (the  ice)  to  be 
subjected  to  increase  of  pressure.  For  instance,  let  the  ice  bo 
compressed  on  a  porous  plate  through  which  the  water  can 
circulate  freely.  Then  the  pressure  increases  the  rate  at  which 
molecules  escape  from  the  ice  into  the  water,  but  does  not 
affect  the  rate  of  escape  of  the  water-molecules  into  the  ice, 
and  a  much  less  pressure  will  suffice  to  produce  equilibrium 
of  exchange  for  a  given  temperature  below  0°  than  when  both 
ice  and  water  are  subjected  to  the  pressure. 

To  calculate  the  fall  in  melting-point  produced  by  a  pres- 
sure P'  on  the  ice  alone,  we  have,  instead  of  (10), 

,       ,      PV     \ (13) 
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If  we  have  p  =p',  we  have  the  melting-point ;  and  in  this  case, 
by  subtracting,  we  obtain 

Vv' 

^—^=-Y- (14) 

Kow  the  pressure  required  to  lower  the  melting-point  to  the 
same  degree  when  both  ice  and  water  are  compressed  is  given 
by 

^  — -5^  = ^^ ; (\o) 

or  F  _  v'-v 

P  ~     f 

=  •087 (16) 

Or  the  fall  in  melting-point  caused  by  a  given  pressure  on  the 
ice  alone  is  about  11^  times  as  great  as  when  both  ice  and 
water  are  compressed.  That  is,  1  atmosphere  lowers  the 
melting-point  about  '0843°  C,  and  11"  7  atmospheres  lower  it 
\°  C.  This  result  may  be  obtained  in  the  same  way  as  Prof. 
J.  Thomson's  formula,  on  the  supposition  that  the  process  is 
reversible ;  but  as  I  was  led  to  the  result  by  the  above  consi- 
derations, I  have  given  only  this  proof. 

This  seems  to  haA-e  an  important  bearing  on  ordinary  cases 
of  regelation,  when  two  pieces  of  ice  are  brought  into  con- 
tact at  one  or  two  points.  About  that  point  the  ice  will 
be  subjected  to  great  pressure ;  but  the  melted  water  is 
not  necessarily  subject  to  the  pressure,  and  accordinglv  the 
melting-point  may  be  lowered  by  11^  times  as  much  as  has 
been  formerly  stipposed.  I  have  made  some  experiments  to 
test  this  result;  and  the  best  arrangement  I  have  yet  devised 
has  been  the  following: — A  block  of  ice,  fitting  in  a  hollow 
iron  cylinder  with  open  ends,  was  laid  on  a  bed  of  sand  on 
the  top  of  Avhich  was  placed  one  junction  of  a  copper-iron 
thermopile  ;  the  other  junction  was  placed  in  melting  ice. 
When  the  two  junctions  reached  the  same  temperature,  as 
indicated  by  a  galvanometer  in  the  thermopile  circuit,  pressure 
was  applied  to  the  ice  by  a  hydraulic  press.  The  water  from 
the  melting  of  the  ice  was  able  to  escape  freely  through  the 
sand,  and  was  therefore  only  at  atmospheric  pressure.  The 
results  so  far  have  been  very  variable,  sometimes  indicatino- 
no  greater  lowering  of  the  melting-point  than  that  usuallv 
assumed — '0073°  per  atmosphere.  But  in  several  cases  the 
lowering  has  been  decidedly  greater.  The  following  experi- 
ment gives  the  greatest  value  I  have  yet  obtained  for  the  low- 
ering of  the  melting-point.     The  galvanometer-deflection  per 
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1°  difterence  in  the  temperatuie  w"m  determined  by  separate 
experiments  to  be  9"4  divisions. 


Time, 
April  30. 

Pressure,  in 
tmosplieres. 

Galvanometer  Temperature 

deflections,  in;  of  the  cooler 

divisions,     i     junction. 

Calculated 
temperature, 
at  -0073  per 
atmospliere. 

h  m 
12  51 

12  53 

12  57 

1  30 

1  32 

18 

18 

18 

9 

9 

4-5         1       --48  0. 
5-3                --56 
5-0                --53 
2-5               --27 
3-3                -34 

-•13 

-13 

-•13 

-•065 

-•065 

It  will  be  seen,  by  a  comparison  of  the  last  two  columns, 
that  the  lowering  here  was  four  or  five  times  that  given  by  the 
usual  formula.  1  have  not  thought  it  necessary  to  give  details 
of  the  other  results,  as  I  have  not  yet  had  time  to  investigate 
the  causes  of  failure.     I  hope  to  pursue  the  subject  shortly. 

Perhaps  the  following  imaginary  experiment  may  serve  as 
a  simple  illustration  of  the  last  two  sections.  Suppose  two 
cylinders,  one  containing  ice,  the  other  water  at  the  same  tem- 
perature, to  be  connected  above  by  a  tube  through  Avhich  the 
vapour  can  pass,  and  let  them  only  be  in  contact  with  their 
own  vapour. 

At  0°,  or  rather  at  +*0073,  their  vapour-tensions  being 
equal,  as  soon  as  the  pressure  reaches  4"G  millim.  then  the  ice 
and  water  will  remain  unaltered  in  amount  as  long  as  no  heat 
is  allowed  to  pass  into  or  out  of  the  cylinders.  If  the  tempe- 
rature be  kept  slightly  below  0°,  then,  since  the  vapour-ten- 
sion of  water  is  now  greater  than  that  of  ice,  the  water  will 
crradually  distil  over  into  the  ice-vessel  and  there  condense  as 
ice,  the  average  temperature  rising.  If  the  temperature  be 
kept  constant,  however,  the  whole  of  the  water  will  in  time 
go  over  into  the  ice-vessel.  If  the  temperature  be  slightly 
above  0°  (suppo.^ing  it  possible  still  to  keep  the  ice  solid),  then 
the  ice  has  the  greater  vapour-tension  and  will  gradually  distil 
over  into  the  water-vessel,  and  the  average  temperature  will 
fall.  In  time,  if  the  temperature  be  kept  above  0°,  the  whole 
of  the  ice  will  go  over  into  the  water-vessel. 

If,  now,  the  ice  and  water  be  subjected  to  pressure  by  porous 
pistons  which  the  water  does  not  wet  (the  pressure  in  each 
cylinder  being  the  same),  then,  if  the  temperature  be  0°,  an 
increase  of  pressure  will  cause  more  evaporation  from  the  ice 
than  from  the  Avater;  that  is,  the  ice  will  distil  over  into  the 
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water-cyliuder  and  form  water  there.  To  obtain  equilibrium 
again,  the  temperature  must  be  lowered  to  such  a  point  that 
the  pressure  makes  the  two  vapour-tensions  once  more  equal, 
when  the  ice  and  water  will  remain  unaltered  in  amount — that 
is,  the  melting-point  will  be  reached.  If  now  the  ice  alone 
be  subjected  to  pressure,  its  vapour-tension  will  be  increased 
while  that  of  the  Avater  remains  the  same.  And  now  the 
pressure  required  to  produce  equilibrium  of  vapour-tensions 
at  a  given  temperature  below  0°  will  only  be  about  2-23rds 
of  that  required  when  both  are  subjected  to  the  same  pressure. 
The  suppositions  which  I  have  made  amount  to  this — that 
if  the  space  filled  with  vapour  be  abolished  and  the  ice  and 
water  be  brought  directly  into  contact  with  each  othei',  then  the 
rate  of  escape  of  molecules  will  be  the  same  as  before  in  each 
case,  or  bear  the  same  proportion  to  it. 

Isothermcds  of  Ice-icater  :   Critical  Points. 

If  we  draw  the  isothermals  for  ice  and  water  on  a  pressure- 
volume  diagram,  they  are  of  the  general  form  shown  in  fig.  2, 
though  the  figure  is  entirely  otit  of  proportion. 

If  we  may  assume  that  the  compressibility  of  water  is  con- 
siderably greater  than  that  of  ice,  the  horizontal  part  of  the 
isothermals  representing  a  mixture  of  ice  and  water  will  in- 
crease as  the  temperature  falls  below  0°,  at  least  just  at  first. 
Then,  if  we  caU  the  line  passing  through  the  points  where  the 
isothermals  turn  to  or  from  the  horizontal  part  the  ice-water 
line,  this  line  will  at  first  diverge  as  the  temperature  falls. 
Now,  while  ice  contracts  on  cooling,  its  coefiicient  of  expan- 
sion between  —19°  and  0°  being  given  as  '000122  by  Brunner, 
Despretz  has  shown  that  water  expands  on  cooling  below  0° 
even  more  than  it  expands  for  an  equal  rise  above  8°.  Hence 
the  isothermals  for  ice  and  water  approach  each  other  at  ordi- 
nary pressures  as  the  temperature  tails. 

Using  Brunner's  coefficient  for  ice,  and  for  water  HaUs- 
trom's  formula  (Jamin,  Cours  de  Pliysique,  vol.  ii.), 

^  =  1  +  -000052939 1  -  '0000065322 1-  +  -00000001445 1\ 

and  supposing  that  water  could  be  cooled  without  freezino-,  it 
will  be  found  that  between  —120°  and  —130°  ice  and  water 
would  have  the  same  specific  volume.  This  might  lead  us  to 
suspect  that  the  divergence  of  the  two  branches  of  the  water- 
ice  line  would  not  continue  if  we  could  examine  the  isother- 
mals at  very  low  temperatures  and  high  pressures,  and  that, 
as  the  temperature  fell,  the  two  states  would  at  some  point 
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begin  to  approach  (that  is,  the  horizontal  part  of  the  isother- 
mals  would  decrease),  and  that  ultimately  ice  would  pass  gra- 
dually into  water  without  any  abrupt  change  of  volume  (that 
is,  there  would  be  a  critical  point).  Below  this  critical  point 
ice  and  water  would  jn-obably  be  identical. 

A  similar  conclusion  is  arrived  at  from  the  latent-heat  equa- 
tion. On  the  supposition  that  at  the  critical  point  the  latent 
heat  vanishes,  the  temperature  given  by  that  equation  is 
—  122°-o,  with  a  pressure  of  over  16,000  atmospheres  (Baynes, 
Thermodynamics,'  ]).  16i)). 

It  is  usually  assumed  that  we  nmst  stop  the  isothermal  at 
the  base-line  of  no  pressure.  But  we  know  that  water  can  be 
subjected  to  a  negative  pressure;  as,  for  instance,  when  it  rises 
in  a  capillary  tube  in  a  vacuum,  or  when  it  adheres  to  a  baro- 
meter-tube at  a  height  greater  than  that  of  the  barometric 
column.  It  seems  probable  that,  if  perfectly  freed  from  foreign 
gases,  it  might  even  be  subjected  to  a  very  high  negative  pres- 
sure without  the  particles  being  torn  asunder.  So,  too,  a  mix- 
ture of  ice  and  water  might  probal)ly  be  subjected  to  tension. 
It  seems  at  least  worth  Avhile  to  draw  the  isothermals  for  ice 
and  water  on  such  a  supposition. 

Prof.  J.  Thomson's  result  for  the  alteration  of  the  melting- 
point  by  pressure  would  hold  for  at  least  a  short  distance  above 
0°  when  we  replace  pressure  by  tension.  Assuming  it  to 
hold  for  4°,  we  should  have  to  put  on  a  tension  of  4-f-'00733 
atmosphere  =  545  atmospheres.  But  if  the  expansion  of 
water  under  a  tension  equals  its  compression  under  an  equal 
pressure,  the  expansion  is  about  iry^o^  per  atmosphere*;  so 
that  the  volume  of  the  water  at  4°,  under  a  tension  of  545 
atmospheres,  will  be  1'026.  The  ice,  whose  volume  at  4° 
under  no  pressure  would  be  1-088,  probably  will  not  expand 
nearly  so  much  under  tension.  The  change  of  volume  on 
melting  will  therefore  probably  be  not  very  far  from 

l-088-l-026  =  -062, 
against  a  change  at  0°  of  -087.  Then  the  two  branches  of  the 
ice-line  will  converge  very  considerably  for  temperatures  above 
0°  and  with  negative  pressures.  At  this  rate  of  convergence 
the  meeting-point  is  at  about  14°  C.  At  higher  temperature 
the  ice  would  pass  gradually  into  water — that  is,  we  should 
here  have  another  critical  point, — the  two  critical  points  being 
at  opposite  ends  of  the  closed  curve  which  represents  the 
water-ice  line. 

*  flight  not  the  truth  of  this  suppositiou  be  tested  by  the  propagation 
of  sound  through  the  water  above  a  barometric  column  at  a  negative 
pressui'e  ? 
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On  cousidering  the  isothermals  below  0°,  it  will  be  noticed 
that  the  water-isothermals,  at  least  as  far  as  that  for  —20°, 
can  be  prolonged  downwards  past  the  horizontal  line  to  meet 
the  line  of  no  pressure;  for  Despretz  succeeded  in  cooling  water 
to  —20°  in  thermometer-tubes  without  freezing.  These  pro- 
longations are  represented  hj aa' ,  hh',  cc'  (fig.  2).  Similarly 
the  ice-isothermals  can  be  at  least  slightly  prolonged  upwards 
past  the  horizontal  line.  For,  suppose  we  take  a  block  of  ice 
at  0°  and  suddenly  subject  it  to  great  pressure.  Since  it  ex- 
pands on  heating,  then  sudden  compression  produces,  if  any 
thing,  a  slight  rise  in  the  temperature.  At  the  same  time  the 
melting-point  is  lowered,  and  the  ice  begins  to  melt  at  the 
surface,  and  in  time  the  whole  will  be  lowered  to  the  new 
melting-point.  But  just  at  first,  and  until  it  falls  to  that 
temperature,  Ave  have  the  ice  on  the  prolongation  of  the  iso- 
thermals upwards  as  at  A  A'  or  B  B'  in  fig.  2.  In  a  certain 
sense,  then,  we  have  "hot  ice." 

Since,  then,  the  water-isothermals  may  be  prolonged  down- 
wards and  the  ice-isothermals  upwards,  we  may  probably  here 
adopt  Prof.  J.  Thomson's  suggestion  as  to  the  true  shape  of 
the  isothermals  in  the  case  of  liquid-and-gas  mixtures  (Brit. 
Assoc.  Report,  1871,  p.  30  ;  Maxwell's  '  Heat,'  p.  125).  This 
is  indicated  by  the  dotted  line  for  —2°  in  the  figure.  If  the 
isothermals  also  have  this  shape  above  0°  (as  indicated  by  the 
dotted  line  for  the  4°  isothermal),  then  at  first  the  ice-isother- 
mals will  be  prolonged  upwards  to  meet  the  line  of  no  pres- 
sure, as^  for  instance,  that  of  4°  at  H.  This  seems  to  be  the 
place  where  we  must  put  Dr.  Carnelley^s  "hot  ice,"  on  the 
diagram,  if  its  temperature  be  really  proved  to  be  above  0°. 

But  if  the  critical  point  for  the  higher  temperature  exist,  it 
is  evident  that,  before  this  temperature  is  reached^  the  prolon- 
gations of  the  ice-isothermals  will  cease  to  reach  up  to  the  line 
of  no  pressure,  and  the  limit  to  the  temperature  of  hot  ice  in 
a  vacuum  is  that  of  the  last  isothermal  which  touches  the  line 
of  no  pressure.  To  obtain  ice  at  still  higher  temperatures,  it 
would  apparently  have  to  be  subjected  to  great  tension.  If 
the  above  calculation  for  the  critical  point  is  at  all  near  the 
truth,  then  the  highest  temperature  possible  for  ice  in  a  vacuum 
is  something  below  14°  0. 

The  view  here  advocated  as  to  the  nature  of  the  melting  of 
ice,  would  show  that  its  fixity  is  as  much  a  "  constant  acci- 
dent "  as  the  fixed  boiling-point  of  water.  If  we  have  a  piece 
of  ice  at  any  temperature  and  allow  no  water  to  form  on  its 
surface,  then  I  see  no  reason  why  it  should  melt  if  heat  be 
supplied  to  it  by  conduction  from  bodies  which,  when  melted, 
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it  does  not  wet.  1  think,  then,  we  ought  to  expect  its  tempe- 
rature to  rise,  as  Dr.  Carnelley  has  apparently  found  to  be  the 
case. 

Dr.  Lodge  has  pointed  out  ('Nature,'  Jan.  20,  1881)  that, 
as  far  as  we  know,  "there  is  no  delinite  subhming-point  for  a 
solid,  any  more  than  there  is  a  definite  evaporating-jioint  for  a 
liquid."  Hence,  with  such  a  mode  of  supjilying  the  heat  as 
above  described,  the  temperature  might  perhaps  be  exj)ected 
to  rise  to  that  of  the  last  isothermal  which  reaches  the  line  of 
no  pressure.  When  it  has  reached  this  point  the  whole  will  be 
in  an  unstable  state,  and  we  might  expect  a  further  supply  of 
heat  to  cause  a  sudden  change  into  water.  If,  however,  at 
any  point  in  this  process  of  raising  the  temperature  the  vapour- 
tension  is  allowed  to  rise  nearly  to  its  maximum,  it  will  exceed 
that  of  water,  Avhich  has  a  lower  maximum;  then  a  layer  of 
water  will  be  formed  on  the  ice,  and  we  shall  have  melting 
with  a  tendency  of  the  temperature  towards  0°. 

The  Sealing-ica.v  Type  of  Melting. 

We  have  seen  that  there  is  some  reason  to  suppose  that  ice 
would  pass  gradually  into  water  at  a  sufficiently  low  tempe- 
rature and  with  suthciently  high  pressure ;  that  is,  there 
would  be  no  abruj)t  change  of  volume  at  a  constant  tempera- 
ture, and  no  definite  latent  heat.  But  these  are  just  the  cha- 
racteristics of  the  melting  of  substances  of  the  sealing-wax 
type  ;  and  I  think  it  exceedingly  probable  that  we  have  such 
substances  at  temperatures  below  their  critical  points,  or  at 
least  that  they  are  analogous  to  water-ice  below  its  critical 
point.  If  sealing-wax  have  a  critical  point,  then  if  we  start 
with  some  in  the  solid  state  at  ordinary  temperature,  and 
while  raising  the  temperature  we  increase  the  pressure  so  as 
always  to  keep  it  solid  till  above  the  critical  point,  if  we 
reduce  the  pressure  again  to  a  certain  point  and  at  the  same 
time  a  small  amount  of  liquid  sealing-wax  be  introduced,  we 
ought  to  have  a  liquefaction  of  the  whole  with  a  finite  expan- 
sion of  volume  ;  that  is  to  say,  we  should  have  changed  the 
ordinary  sealing-Avax  type  of  melting  into  the  ice-water  type. 
It  might,  perhaps,  be  possible  to  test  the  truth  of  this  suppo- 
sition experimentally. 
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VI.  On  some  Electromagnetic  Experiments  with  Open  Cir- 
cuits. By  J.  J.  Thomson,  B.A.,  Fellow  of  Trinity  College, 
Cambridge* . 

IT  has  been  noticed  incidentally  by  Helmholtz  and  others 
that  a  coil  acts  in  many  cases  like  a  condenser,  and  pos- 
sesses appreciable  electrostatic  capacity.  I  am  not  aware, 
howeyer,  of  any  experiments  in  which  this  property  pro- 
duced any  yery  marked  effect.  In  the  experiments  I  am  about 
to  describe,  where  currents  were  induced  in  a  secondary  coil, 
the  secondary  circuit  was  generally  left  open  :  and  it  was 
found  that,  under  certain  circumstances,  the  condenser-action 
of  the  coil  was  great  enough  to  produce  local  currents  strong 
enough  to  powerfully  magnetize  a  sewing-needle  placed  in- 
side a  spiral  through  which  these  local  currents  passed.  The 
following  is  a  description  of  the  coils  used,  which  closely 
resemble  some  used  b}-  Lord  Eayleigh  in  some  electromag- 
netic ex^ieriments  described  in  his  paper  "  On  an  Electro- 
magnetic Experiment,"  Phil.  Mag.  June  1870. 

Two  wires,  each  about  300  yards  long,  were  wound  side 
by  side  on  a  bobbin  :  one  of  these  wires  was  used  as  the  pri- 
mary circuit ;  the  other,  which  was  cut  into  three  pieces 
each  about  100  yards  long,  formed  three  separate  coils  which 
could  be  connected  up  in  a  great  yariety  of  ways,  and  which 
were  used  as  the  secondary  circuits.  For  conyenience,  I  shall 
denote  the  electrodes  of  the  first  of  these  secondary  coils  by 
the  letters  A  and  B;  the  electrodes  of  the  second  by  C  and  D; 
and  the  electrodes  of  the  third  by  E  and  F.  As  it  will  be  con- 
venient to  haye  some  notation  to  denote  the  way  the  secon- 
dary coils  are  arranged,  I  shall  signify  the  arrangement  by 
writing  the  letters  denoting  the  electrodes  in  the  order  one 
would  meet  with  them  if  one  were  to  travel  continuously 
along  the  wire  of  the  coil.  A  small  raagnetizing-spiral,  in 
which  an  ordinary  sewing-needle  could  be  placed,  was  also 
inserted  in  the  secondary  circuit.  The  position  of  this  spiral 
will  be  denoted  by  placing  a  —  between  the  letters  denoting 
the  electrodes  between  which  it  is  placed  :  thus  ABCD — EF 
denotes  that  the  electrode  B  was  connected  with  the  electrode 
C,  the  electrode  D  to  the  electrode  E,  while  the  ends  A  and 
F  were  free  ;  the  magnetizing-spiral  was  placed  between  D 
and  E.  Again,  AB — CDEF  denotes  that  the  electrode  B 
was  joined  to  D,  the  electrode  C  to  E,  Avhile  the  ends  A  and 
B  were  free  ;  the  magnetizing-spiral  was  placed  between  B 
and  D. 

*  Comiuuiiicated  bv  the  Author. 
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Tlie  current  througli  the  ])riniary  circuit  was  produced 
by  three  Grove  cells  connected  in  series.  The  primary  cur- 
rent was  broken  six  times  whilst  the  same  needle  was  in  the 
magnotizing-spiralj  in  order  to  get  rid  of  any  irregularities  in 
the  breaking  of  the  contact.  It  was  found  to  be  a  matter  of 
indifference  whether  the  needle  was  left  in  the  spiral  whilst 
contact  was  made  in  the  primary  circuit,  or  whether  it  was 
taken  out  for  each  make  ;  this  is  doubtless  owing  to  the  make 
being  a  much  more  gradual  operation  than  the  break.  The 
intensity  of  the  currents  through  the  sjnral  was  estimated  by 
the  magnetization  of  the  needle  placed  inside  it,  which  was 
determined  by  the  number  of  times  the  needle  oscillated  in  a 
minute  when  suspended  by  a  silk  fibre.  A  new  needle  was, 
of  course,  used  for  each  experiment. 

If  now  the  secondary  coils  be  aiTanged  according  to  the 
scheme  denoted  by  ABCUEF,  then  in  whatever  part  of  the 
secondary  circuit  the  magnetizing-spiral  be  placed,  no  ap- 
preciable magnetization  of  the  needle  occurs.  If.  however, 
the  secondaries  Avere  connected  up  according  to  the  scheme 
AB — DCEF,  then  a  needle  which  had  been  inside  the  mag- 
netizing-spiral vibrated  in  one  case  29^  times  a  minute,  in 
another  28.  If  the  circuit  was  closed  by  joining  the  ends  A 
and  F,  then  a  needle  placed  in  the  magnetizing-spiral  vibrated 
50  times  a  minute ;  so  that  the  magnetism  produced  in  the 
open  circuit  is  quite  comparable  with  that  produced  in  the 
closed.  In  some  experiments  to  be  described  later  the  mag- 
netism produced  in  the  open  circuit  w\as  actually  greater 
than  the  magnetism  produced  in  the  same  circuit  when  closed. 
If  the  coils  were  arranoed  aceordino-  to  the  scheme  ABDCEF — , 
the  order  of  the  coils  being  the  same  as  before,  but  the  mag- 
netizing-spiral being  put  at  the  free  end  of  the  secondary 
instead  of  in  the  middle,  then  a  needle  placed  inside  the  mag- 
netizing-spiral vibrated  only  3  times  a  minute.  If,  however, 
every  thing  be  kept  the  same  as  before,  except  that  the  ends 
A  and  F  are  connected  with  the  plates  of  a  condenser  of  about 
half  a  microfarad  capacity,  the  magnetizing-spiral  being 
between  the  end  Fand  a  plate  of  the  condenser,  then  a  needle, 
after  being  placed  inside  the  magnetizing-spiral,  vibrates  41 
times  per  minute. 

These  experiments  show^  that  in  some  cases  there  is  a  consi- 
derable transference  of  electricity  along  some  parts  of  the 
coil,  even  although  it  be  open.  This  is  due  to  the  fact  that 
the  coil  acts  like  a  condenser;  and  the  difference  between  the 
two  cases  mentioned  above  can  be  easily  explained.  For  if 
we  proceed  along  the  secondary  coil,  the  potential  produced 
by  the  break  of  the  primary  circuit  will  increase  continuously 
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if  we  ahvays  go  round  the  coil  in  the  same  direction.  Xow 
when  the  coils  are  arranged  according  to  the  scheme 
ABCDEF,  two  neighbouring  windings  of  the  coil  can  differ 
at  most  in  their  potentials  bv  the  rise  in  potential  due  to  one 
layer  of  the  wire  ;  but  when  the  coils  are  arranged  according 
to  the  scheme  AB — DCEF,  the  last  layer  of  the  first  coil 
differs  from  the  first  layer  of  the  second  by  the  rise  in  poten- 
tial due  to  the  whole  length  of  the  second  coil,  or  by  the  rise 
due  to  about  100  yards  of  wire.  Thus  in  this  case  we  have 
two  places  of  veiy  difterent  potential  near  together ;  in  other 
words,  we  have  the  condition  necessary  for  a  condenser  of 
large  capacity.  The  consequence  of  the  coil  possessing  this 
electrostatic  capacity,  is  that  when  the  electromotive  force 
produced  by  the  breaking  of  the  current  on  the  primary  acts 
upon  it,  the  electricity  is  distributed  in  Imnps,  as  it  were,  along 
the  coil,  being  lumped  up  in  the  places  of  great  electrostatic 
capacity.  In  consequence  of  this  irregular  distribution  of  the 
electricity,  electrical  oscillations,  which  will  last  until  destroyed 
by  the  resistance  of  the  wire  of  the  coil,  are  set  up,  just  as  in 
a  canal,  if  the  water  be  heaped  up  in  some  places  and  de- 
pressed in  others,  the  water  does  not  sink  at  once  to  rest, 
but  oscillates  until  the  oscillations  are  destroyed  by  friction. 
The  motion  of  the  electricitv  durino-  these  electrical  vibra- 
tions  will  constitute  a  current  through  the  coil  Avhich  will 
magnetize  the  needle. 

The  fact  that  the  magnetism  produced  in  a  needle  placed 
in  the  magnetizing-spiral  is  different  when  the  spiral  is 
placed  in  different  parts  of  the  secondary  circiut,  the  ar- 
rangement of  coils  in  the  secondary  remaining  the  same, 
shows  that  the  current  is  not  the  same  all  along  the  secondary. 
If  this  be  the  case,  the  electricity  must  accumtilate  on  the 
wire  of  the  coil ;  and  consequently  the  coil  must  act  as  a  con- 
denser. This  was  strikingly  shown  in  the  experiments  referred 
to  above,  when,  with  the  coils  arranged  according  to  the 
scheme  AB — DCEF,  the  needle  vibrated  29  times  per  minute; 
whilst  with  the  arrangement  ABDCEF —  it  only  vibrated  3 
times  per  minute.  It  is  also  well  shown  in  the  following 
case:  with  the  coils  arranged  according  to  the  scheme 
AB — DCEF,  29  vibrations  per  minute  were  produced;  but 
if  the  magnetizing-spiral  was  placed  between  C  and  E  instead 
of  B  and  D,  so  that  the  arrangement  was  that  denoted  by 
ABDC — EF,  only  15  vibrations  per  minute  were  produced. 

It  is  not  necessary  in  these  experiments  to  have  three 
secondary  coils;  many  of  the  effects  can  be  produced  with  two, 
as  in  the  following  experiments.  The  ends  E  and  F  of  the 
third   coil  were  joined,  so  that  it  was  altogether  out  of  the 
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secoudary  circuit ;  then,  when  the  remaining  coils  were  ar- 
ranged according  to  the  scheme  AB — DC,  a  needle  placed 
in  the  magnetizing-spiral  vibrated  only  7  times  a  minute; 
^^■hilst  if  the  coils  Avero  arranged  according  to  the  scheme 
BA — DC,  a  needle  vibrated  36  times  per  minute.  This  dif- 
ference can  bo  explained  in  the  same  way  as  the  correspond- 
ing one  in  the  case  of  three  coils. 

A  very  marked  difference  betAveen  the  behaviour  of  closed 
and  open  circuits  is  sliown  if,  instead  of  breaking  the  primary 
circuit  by  a  key  in  the  ordinary  way,  we  connect  the  ]Joints 
where  the  circuit  would  be  broken  with  the  opposite  plates  of 
a  condenser  of  large  capacity,  so  that  at  the  break,  instead  of 
a  spark  passing,  we  have  the  electricity  rushing  into  and 
charging  the  condenser.  With  a  closed  secoudary  this  has 
the  effect  of  slightly  increasing  the  intensity  of  magnetization 
of  a  needle  })laced  in  the  magnetizing-spiral  (see  Lord  Ray- 
leigh's  paper  "  On  an  Electromagnetic  Ex])eriment,"  Phil. 
Mag.  June  1870);  but  with  an  open  secondary  circuit  it  has 
in  general  a  most  marked  effect  in  the;  opposite  direction,  in 
some  cases,  indeed,  appearing  to  produce  hardly  any  magneti- 
zation at  all.  This  is  shown  in  the  following  statement  of  the 
result  of  some  experiments  : — 

Xumber  of  vibrations  per    I  Number  of  vibrations 


Scheme  of  coil^.         minute  with  condenser  in 
primarv  circuit. 

ABFE— DC  5 

BA— DC  6. 

BA— DC  4 


without  condenser  in 
the  primaiT. 

28 
36 
33 


In  the  last  experiments  the  coil  EE  did  not  form  a  part  of 
the  secondary  circuit. 

The  effect  is  thus  very  marked.  An  exception  to  this, 
however,  occurs  when,  instead  of  using  the  electrostatic  capa- 
city of  the  coil  itself  to  produce  the  magnetization  of  the 
needle,  we  arrange  the  coil  so  that  its  electrostatic  capacity  is 
small,  but  increase  it  artificially  by  connecting  the  free  ends 
of  the  coil  with  the  opposite  j)lates  of  a  condenser.  Under 
these  circumstances  tlie  introduction  of  a  condenser  into  the 
primary  does  not  produce  nearly  so  much  difference  in  the 
magnetization  of  the  needle.  This  is  shown  by  the  following 
experiments,  in  which  the  secondary  coil  was  arranged  accord- 
ing to  the  scheme  ABCDEF,  wliich  gives  the  least  electro- 
static capacity  to  the  coil ;  but  the  ends  A  and  F  were  con- 
nected with  the  opposite  plates  of  a  condenser  whose  capacity 
was  about  one  third  of  a  microfarad.  The  magnetizing-spiral 
was  placed  Ijetween  A  and  one  of  the  plates  of  the  condenser. 
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Number  of  vibrations  per  minute 

■witb  condenser  in  primary. 

Number  without. 

44 

47 

48 

52 

43 

53 

So  that  in  this  case  the  effect  of  putting  a  condenser  in  the 
primary  circuit  was  not  nearly  so  great  as  when  the  magneti- 
zation of  the  needle  \y:.is  due  to  the  electrostatic  capacity  of 
the  coil  itself.  When  the  condenser  in  the  secondary  circuit 
was  taken  away  and  the  secondary  circuit  closed,  a  needle 
placed  in  the  magnetizing-spiral  vibrated  23  times  per  minute, 
and  it  was  magnetized  in  the  opposite  way  to  what  it  was 
when  the  secondary  circuit  was  open  :  this,  indeed,  was  found 
to  be  a  general  rule:  the  magnetization  of  the  needle  pro- 
duced by  any  arrangement  of  the  secondary  coils  when  open 
was  always  of  the  opposite  character  to  that  produced  when 
the  same  circuit  was  closed.  In  the  experiment  just  described 
it  will  be  seen  that  the  needle  -sabrated  about  twice  as  fast 
when  the  secondary  was  open  as  it  did  when  the  secondary 
was  closed,  which  shows  that  in  this  case  the  intensity  of 
magnetization  Avas  about  four  times  greater  with  an  open  cir- 
cuit than  with  a  closed  one. 

For  the  explanation  of  these  results  we  must  go,  1  think, 
to  the  equations  ginng  the  motion  of  the  electricity  in  the 
coil. 

If  L  be  the  coefficient  of  self-induction  of  a  coil,  C  the  capa- 
city of  a  condenser  to  which  its  ends  are  attached,  then  the 
kinetic  energy  of  the  coil  when  a  current  .v  is  going  through 

it  is  ^L.r,  the  potential  energy  is  ^  p  ;  so  if  we  neglect  the 

resistance  of  the  coil,  as  we  may  do  if  the  time-constant  of  the 
coil  be  large  compared  Avith  the  time  of  electrical  vibrations 
in  the  coil  (for  then  the  effects  of  resistance  will  be  inappre- 
ciable during  the  first  few  electrical  oscillations  in  the  coil), 
the  equation  of  motion  is 

Kf-+  '^,  =0, 

or  the  period  of  electrical  oscillation  =27r\/LO.     Xow  if  an 

27r 
electromotive  force  whose  period  is  — ,  which  we  may  repre- 
sent by  F  sin pt,  acts  on  the  wire  of  the  coil,  the  equation  satis- 
fied by  the  current  is 

Lx"+  *^  =Fsiu^f. 
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or 

=-  sm  pt 


LC"^' 


Now,  if  ^,  be  very  much  greater  than  p-,  this  will  be  very 
much  less  than r— 2^?  ^^^  expression  for  .v  when  there  is 

no  condenser  in  the  circuit,  and  will  be  of  the  opposite  sign ; 
so  that  the  quantity  of  electricity  travelling  along  the  wire  of 
the  coil  at  any  timo  is  very  much  less  in  this  case  than  when 
the  circuit  is  closed,  and  also  the  electricitv  movinor  alono;  the 
WH'C  at  any  tune  is  of  opposite  signs  in  the  two  cases.  These 
remarks  will  apply,  I  think,  to  the  experiments  last  mentioned. 
When  we  connect  the  breaking-points  of  the  primary  circuit 
with  the  plates  of  a  condenser,  we  produce  an  electrical  oscil- 
lation in  the  primary  circuit  whose  period  would  be  27r\/LiCi 
if  the  secondary  coil  were  not  present,  L^  being  the  coefficient 
of  self-induction  of  the  primary,  and  Ci  the  capacity  of  the 
condenser  to  the  plates  of  which  the  breaking-points  of  the 
primary  are  attached.  These  electrical  oscillations  in  the  pri- 
mary Avill  give  rise  to  an  electromotive  force  in  the  secondary 

which  we  may  express  by  F  sin — _;  but  the  secondary 

circuit  itself  possesses  both  self-induction  and  electrostatic 
capacity,  and  thus  can  be  the  seat  of  electrical  oscillations 
whose  free  period  would  be  27rv/L2C2,  Lo  being  the  coeffi- 
cient of  self-induction  of  a  current  in  the  secondary  coil,  and 
C2  its  electrostatic  capacity.  Now,  since  the  currents  in  the 
secondary  are  local,  Lo  will  not  be  the  coefficient  of  self- 
induction  of  the  whole  secondary  circuit,  but  probablv  of  only 
a  comparatively  small  part  of  it,  so  that  Lo  ^^  ill  be  much  less 
than  Lj ;  and  as  the  condenser  in  the  primary  is  of  large 
capacity  and  C2  is  only  the  electrostatic  capacity  of  the  coil 
itself,  C2  will  in  all  probability  be  much  less  than  Cj.  Hence 
^TT^/L^C^  will  be  very  much  less  than  27r\/LiCi,  or  the 
natural  period  of  electrical  vibrations  in  the  secondarv  is  very 
much  less  than  the  period  of  the  electromotive  force  acting 
upon  it.  But  the  investigation  we  have  just  gone  throuo-h 
shows  that  in  this  case  the  amount  of  electricity  passing  along 
the  wire  is  very  much  less  than  it  would  be  if  the  secondary 
were  closed,  and  that  the  electricity  passing  at  any  time  is  of 
opposite  signs  in  the  two  cases.  This  explains  the  great  de- 
crease in  the  magnetization  of  the  needle,  and  the  magnetiza- 
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tion  being  of  opposite  sign  to  that  produced  when  the  secondary- 
circuit  is  closed. 

When,  however,  the  coil  is  arranged  according  to  the  scheme 
ABCDEF,  and  the  ends  A  and  F  are  connected  with  the  plates 
of  a  condenser  of  large   capacity,  so  that  now  the   coil  itself 
possesses  little  or  no  electrostatic  capacity,  then  the  currents 
will  evidently  be  much  less  local  than  before,  and  will  pro- 
bably be  pretty"  uniform  throughout  the   coil.    Thus  L^,  the 
coeliicient  of  self-induction  of  the  secondary  circuit,  will  be 
greater  than  it  was,  and  will  probably  not  differ  very  much 
from  Li,  the  coefficient  of  self-induction  of  the  primary  cir- 
cuit, as  the  coils  are   of  approximately  equal    length ;   and 
since   the    capacity  of  the    condenser   in    the    secondary  is 
large,  C2  will  be  greater  than  it  was  in  the  former  case,  when 
it  was  the  electrostatic  capacity  of  the  coil  itself.    Thus  both 
L2  and  C2  'ii'e  larger  than  they  were  before,  and  consequently 
the  free  period  of  electrical  vibration  in  the  secondary  circuit 
will  be  much  nearer  the  period  of  the  electromotive   force ; 
thus  the  denominator  in  the  expression  for  the  current  x  will 
be  much  smaller  than  it  was,  or  the  current  will  be  much 
greater.    This  agrees  with  the  experiment  last  described,  which 
showed  that  the  diminution  in  the  magnetization  of  the  needle 
due  to  the  introduction  of  a  condenser  into  the  primary  was 
much  less  in  this  case  than  it  was  before.     When  there  is  no 
condenser  in  the  primary,  the  equations  to   determine   the 
initial  currents  are  much  the  same,  whether  the   secondary- 
circuit  be  open  or  closed,  the  only  difference  being  that  when 
the  secondary  is  open,  as  the  currents  are   local  and  not  the 
same  all  along  the  coil,  the  coefficients  of  self-induction  and 
mutual  induction  will  be  less  when  the  secondary  is  open 
than  when  it  is  closed  ;  and  as  Lord  Rayleigh  has  proved  that 
in  a  secondarv  with  a  few  windino-g  of  wire,  a  needle  is  maof- 
netized  more  strono-lv  than  in  one  of  more  windinp-s,  we  should 
expect,  if  there  were  only  one  of  these  local  currents,  that  a 
needle  placed  in  it  would  be  magnetized  more  strongly  than 
when  the  circuit  was  closed.     The  existence  of  several  of  these 
local  currents  complicates  the  question,  and  reduces,  of  course, 
the  intensity  of  each  of  them.    In  some  cases,  however,  the 
reduction  of  the  intensity  from  this  cause  is  not  sufficient  to 
counterbalance  the  increase  due  to  the  other  cause,  as  in  the 
case  last  described,  when  the  needle  vibrated  twice  as  quickly 
after  being  placed  in  the  open  circuit  as  it  did  after  being 
placed  in  the  closed.     It  must  be  remembered,  too,  that  when 
the  secondary  is  open,  the  currents  are  oscillatory,  and  so  are 
first  in  one  direction  and  then  in  the  opposite  ;  this  must  have 
the  effect  of  diminishing  their  magnetizing-power,  though  we 
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do  not  know  enouoli  about  tlie  action  on  magnets  of  currents 
first  in  one  direction  and  then  the  o])posite  to  say  how  much. 
The  results  obtained  when  the  condenser  was  put  in  the 
primary  appear  to  liave  important  bearings  on  the  theory 
of  RuhmkorfTs  coil.  The  secondary  of  a  Ruhmkorft"s  coil 
will  no  doubt  jiossess  very  considerable  electrostatic  capacity; 
this  will,  as  we  have  seen,  give  rise  to  local  currents,  which 
exist  although  the  secondary  be  closed.  Now  these  local  cur- 
rents will  interfere^  with  the  main  current,  and  will  fritter 
away  energy.  The  experiments  just  described  show  that  the 
introduction  of  a  condenser  into  the  primary  circuit  will  dimi- 
nish very  materially  the  intensity  of  these  local  currents,  and 
so  cause  much  less  energy  to  be  frittered  away.  I  therefore 
think  it  probable^  that  part  of  the  cause  of  the  superior  effici- 
ency of  a  coil  provided  with  a  condenser  in  the  primary  is  due 
to  this  effect  of  the  condenser. 

Some  points  of  interest  arise  when  we  keep  EF  out  of  the 
secondary  circuit,  still  keeping  the  magnetizing-spiral  in  the 
secondary.  Thus,  the  intensity  of  magnetization  of  a  needle 
placed  in  the  magnetizing-spiral  is  found  to  be  ditterent,  accord- 
ing as  the  coil  EF  is  closed,  has  its  ends  free,  or  has  them  con- 
nected with  the  plates  of  a  condenser. 

We  shall  begin  with  the  case  when  the  secondary  ABCD 
is  closed.  Then  with  EF  closed,  a  needle  vibrated  24  times 
a  minute  ;  with  EF  open,  44  times;  and  with  the  ends  E  and 
F  connected  with  the  plates  of  a  condenser,  43  times.  In 
another  experiment  a  needle  vibrated  23  times  with  EF  closed, 
33  times  when  EF  was  open,  and  36  times  when  E  and  F 
were  connected  with  the  plates  of  a  condenser.  It  is  easy 
to  see  that  the  magnetization  should  be  greater  when  the 
coil  EF  is  open  than  when  it  is  closed;  for  when  it  is  closed, 
an  induced  current  is  formed  in  it,  which,  since  the  electro- 
kinetic  momentum  of  the  coils  is  the  same  after  the  break  as 
it  was  before,  must  be  at  the  expense  of  the  current  in  the 
secondary,  and  thus  the  current  in  the  secondary  is  diminished. 
But  it  is  not  so  evident,  a  priori,  why  joining  the  ends  E  and 
F  to  the  plates  of  a  condenser  does  not  make  the  coil  EF 
behave  almost  as  if  it  were  closed ;  we  can,  however,  I  think, 
find  an  explanation  by  going  to  the  dynamical  equations. 

Let  L  denote  the  coefficient  of  mutual  induction  between 
the  primary  and  secondary  circuits,  M  the  coefficient  of  self- 
induction  of  the  secondary,  and  N  the  coefficient  of  mutual 
induction  between  the  secondary  and  the  coil  EF;  then  if 
i,  jy  k  denote  the  currents  through  the  primary,  secondary,  and 
the  coil  EF  respectively,  the  dynamical  equation  is 
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Integrating  this  equation  from  before  the  break  till  after,  we 
get,  if  there  be  no  condenser  in  the  primary, 

where  7  is  the  original  current  through  the  primary  circuit ; 
.      L7-NZ,- 

Now,  if  the  coil  EF  be  open,  k  will  be  zero,  or,  at  any 
rate,  yery  small ;  for  though  from  its  electrostatic  capacity 
some  current  may  exist  in  EF,  yet,  from  the  way  EF  is 
wound,  its  electrostatic  capacity  must  be  small,  so  that  ap- 
proximately 

. L7 

^~  M* 
Now,  when  the  coil  EF  is  closed, 

■  _Ly-NyS: 

where  k  is  the  current  in  the  coil  EF  which  is  quite  compa- 
rable with  7;  so  that  in  this  case  j  is  much  less  than  when  the 
coil  EF  was  open;  but  if  the  coil  EF  has  its  extremities  con- 
nected with  the  plate  of  a  condenser,  then,  again 

._  L7-NA- 
•^  M      • 

Now  in  this  case  the  current  in  the  coil  EF  will  be  oscillatory, 
so  that  k  may  have  any  yalues,  positiye  or  negatiye,  within 
certain  limits.  Thus,  although  the  initial  yalue  of/  is  perhaps 
not  much  greater  than  when  the  coil  EF  is  closed,  yet  after 
k  has  completed  a  second  oscillation  and  attained  its  maxi- 
mum negative  value,  J  will  then  not  only  be  greater  than  when 
the  circuit  EF  is  closed,  but  will  be  even  greater  than  when 
it  is  open.  These  theoretical  conclusions  agree  with  the  expe- 
riments mentioned  above,  which  are  examples  taken  at  random 
from  a  great  number  of  experiments. 

If  the  secondary  coil  be  open  instead  of  closed,  the  phenomena 
are  by  no  means  the  same.  It  was  found,  under  these  circum- 
stances, that  the  magnetization  of  a  needle  placed  in  the 
secondary  was  much  less  intense  when  the  coil  EF  was  open 
than  when  it  was  closed,  which  is  exactly  opposite  to  what 
took  place  Avhen  the  secondary  was  closed.  The  following 
results,  taken  at  random  from  many  experiments,  will  show 
how  clearly  this  effect  is  marked. 
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First  Experiment. 
Number  of  vibrations  of 


Scheme  of  coils. 

BA— DC 

BA— DC 
BA— DC 

needle  per  minute. 

36             { 

21 
34 

State  of  coil  EF. 
Ends  E  and  F  to  plates 

of  condenser. 
Ends  free. 
Circuit  closed. 

BA— DC 

BA— DC 
BA— DC 

Second  Experiment 
35             { 

17 
33 

Ends  E  andF  to  plates 

of  condenser. 
Ends  free. 
Circuit  closed. 

AB— DC 

AB— DC 
AB— DC 


Third  Experiment. 

.r.  f   Ends  to  plates  of  con- 


12 
35 


i 


denser, 
Ends  free. 
Circuit  closed. 


The  following  "working  may  peiiiaps  throw  some  light  on 
these  results. 

If  we  have  two  coils,  (1)  and  (2),  with  ends  connected  with 
the  plates  of  two  condensers  whose  ca})acities  are  Ci  and  C3 
respectively,  and  if  L  and  M  be  the  coefficients  of  self-induc- 
tion of  the  coils  (1)  and  (2),  and  N  the  coefficient  of  mutual 
induction  between  them,  then,  if  x  and  y  are  the  quantities  of 
electricity  that  are  in  the  condensers  at  any  time,  the  equations 
satisfied  by  x  and  ?/  are 


d^x 
df^ 


N'^+M§  +  i^=0; 


dt' 


C, 


or  if 


then 


■,r  =  A  sin  2)t, 
?/  =  B  sin  pt, 


A(^^-Lp^)-BN/=0, 

-an/+b(1  -m/)  =0. 

Eliminating  A  and  B,  we  get 

^       LM-X^'VC2      Ci/     (LM-N2)CiC2       * 
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If  the  roots  of  this  equation  are  pi  and  jOgj  ^^^ 
x=Ki  sin  j9i^  +  A2  sin  j!)2^, 

y^Pl  "^^  ^pi 

or,  as  it  will  be  more  convenient  to  write  them, 
a'=A'cosj9i^  + A"cosj02^, 

•    ^fr-1^^0  A'YA-L^^^ 

y  =  ^^^  JL  cos  Pit  +  V^l Z  COS  p2t. 

^p1  'Spl 

Now,  if  i  Rud  j  are  the  initial  currents  in  the  coils  (I)  and 
(2)  respectively,  and  if  they  are  produced  by  breaking  a  pri- 
mary circuit  through  which  a  current^'  flowed,  i  and  j  will  be 
determined  by  the  equations 

where  F  and  G  are  the  coeiHcients  of  mutual  induction  between 
the  primary  and  the  coils  (1)  and  (2)  respectively.  Thus  i 
and  j  are  independent  of  the  capacities  of  the  condensers  in 
the  circuit. 

A'  and  B'  are  given  by  the  equations 

;=A'  +  A^', 

A '  &."  T 

or 

(Ni+Li)C,=|  +  |-'. 

Pi      Pi 
.•.i-C.Fi  =  A"(^-   1), 

Pi  ^Pl  P/J  ^ 

Pi  \pl    p\) 

Now,  if  ^2  he  >Pxi  then  A''  is  >A';  so  that  in  x  the  term 
of  shortest  period  has  the  largest  coefficient. 
If  the  circuit  (2)  be  closed,  then 

^=?cos^/, 
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where 

2_  M 

^       Ci(LM-N2)" 
The  equation  to  determine  p  in  the  most  general  case  was 

^      LM-NHC2      Ci/     CiC2(LM-N)2 

It  is  evident  that  this  equation  in  p^  has  one  root  greater 

M 
and  one  root  less  than  . ,  ,  ^  ^^^ — ^r^rir,  the  value  when  the  cir- 
C](1jM — iN") 

cuit  (2)  was  closed;  and  it  is  evident  from  the  equation  that 

if  we  diminish  Co.  the    capacity  of   the   condenser,  (2)   we 

increase  one,  at  any  rate,  of  the  roots  of  this  equation. 

Now.  if  the  jjrocess  of  magnetization  requires  a  time  at  all 
comparable  with  the  period  of  an  electrical  vibration  in  the 
coil,  so  that  we  might  expect  the  magnetization  produced  by 
an  oscillating  current  to  get  less  as  the  time  of  oscillation  ap- 
proached the  time  required  for  magnetization,  then  the  effect 
of  diminishing  the  capacity  of  the  condenser  in  the  coil  (2) 
would  be  to  diminish  the  magnetization  produced  in  coil  (1). 
For  the  effect  of  diminishing  Co  was,  as  we  saw,  to  shorten 
the  shortest  of  the  periods  of  vibration,  which,  if  the  above 
hypothesis  be  right,  would  have  the  effect  of  diminishing  the 
magnetization  due  to  this  part  of  the  current  .r ;  and  as  we 
proved  the  coefKcieut  of  the  term  of  shortest  period  in  .v  was 
the  greater,  the  greater  part  of  the  energy  would  be  due  to  this 
term.  Thus  the  effect  would  be  to  diminish  the  magnetizing- 
power  of  the  coil. 

This  corresponds  to  the  experiments  described  if  the  coil  (1) 
refer  to  the  secondary  circuit,  and  the  coil  (2)  to  the  coil  EF. 
When  the  coil  EF  has  its  ends  attached  to  the  plates  of  a  con- 
denser of  large  cajjacity,  Co  is  very  lai'ge;  but  when  it  is  open, 
C2  is  equal  to  the  electrostatic  capacity  of  the  coil  itself,  which 
will  probably  be  very  small  comparatively.  Thus  the  effect  of 
disconnecting  the  ends  of  EF  from  the  condenser  and  leaving 
them  free,  is  to  decrease  very  greatly  the  value  of  CV  This, 
according  to  the  reasoning  just  given,  ought  to  diminish  the 
magnetizing-power  of  the  secondary:  a  reference  to  the  result 
of  the  experiments  will  show  that  it  actually  did  so  to  a  very 
large  extent.  A  similar  explanation  will  explain  why  the 
magnetization  ought  to  be  greater  when  EF  is  closed  than 
when  it  is  open. 

The  above  experiments  were  made  in  the  Cavendish  Labo- 
ratory, Cambridge. 
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VII.  Notices  respecting  New  Books. 

Symbolic  Logic.  By  John  Venk,  M.A.,  Fellow  and  Lecturer  in  the 
Moral  Sciences,  Gonville  and  Caius  College,  Cambridge.  London  : 
!Macmillan  and  Co. 

"jV/TE.  VENN'S  work  forms  an  important  contribution  to  the 
-^'-'-  Modern  Logic,  and  is  destined  to  give  a  great  impetus  to 
the  study  and  development  of  that  science. 

One  excellent  feature  of  the  work  is  the  amount  of  information 
it  contains  about  the  results  reached  by  the  early  mathematical 
logicians.  These  logicians  flourished  before  logic  had  been  divorced 
from  mathematics ;  and  some  of  them  had  got  a  good  way  towards 
establishing  the  science  on  an  analytical  basis — Lambert  in  parti- 
cular. Indeed,  he  appears  to  me  to  be  quite  sound  on  a  nice  point 
with  respect  to  which  Mr.  Venn  is  inclined  to  think  him  not  free 
from  error  (p.  272).  The  question  is  as  follows  : — Given  xy=.zw, 
where  each  of  the  symbols  denotes  a  class  of  things,  is  it  correct  to 


conclude  that  -  =  -  ? 


I  illustrate  the  question  by  the  accompany- 
Fi^.  I. 


ing  diagram  (fig.  1).  Suppose  we 
restrict  our  attention  to  the  part  of 
the  page  within  the  square :  let  x 
denote  the  part  included  in  the  one 
circle,  y  the  part  included  in  the 
other  circle,  ~  the  part  stroked 
dowuM^ards  from  right  to  left,  w  the 
part  stroked  downwards  from  left 
to  right.  Here  we  have  .vy  =  zw  ; 
and  the  diagram  is  quite  general  in 
every  other  respect.  The  principle 
upon  which  I  should  proceed  is  as 

A'         W 

follows:  -  =—  is  a  legitimate  de- 
z       y 

duction,  because  the  symbols  are  commutative  in  xy  and  in  zw ; 
and  the  meaning  of  -  and  of  —  must  be  fixed  so  as  to  suit  this 
deduction.     By  the  Boolian  process  of  development, 


and 


'I  =  wy+  I  ir{l-y)  4-  ?  (l~iv)y  +  ^  (l~iv)(l  -y). 


0 


0 


The  coefhcients  direct  us  to  include  the  first  term,  to  exclude  the 
third  term,  and  (we  will  assume)  to  take  a  part  of  the  fourth  term. 

Looking  at  the  diagram,  we  then  find  that  '^  =  —  may  be  taken  to 

z       y 
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mean 

hence 
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(l+2)  +  3+j41-^)  =  (l  +  3)  +  2+ J"..(l-y); 


\^v(\-z)=\u.i\-y), 


which  appears  to  mean 


■i=4. 


The  most 


general  meaning  of  '-  cannot  be  considered  to  be  a  class 

which,  on  restriction  by  z,  produces  x ;  that  is  its  meaning  only 
when  .r(l  — -)=0,  It  appears  that  we  are  entitled  to  equate  the 
sum  of  the  first  and  fourth  terms  on  the  one  side  to  the  sum  of  the 
first  and  fourth  terms  on  the  other  side,  and  the  second  term  to  the 
second.  But  we  are  certainly  not  entitled  to  equate,  as  Mr.  Venn 
thinks  we  are,  the  first  to  the  first,  and  the  fourth  to  the  fourth. 
For  let  x{\  — r)=0  and  n'(l  —  ?/)  =  0.  then  the  state  of  affairs  is  still 
represented  by  (1 +2)  +  3=(l +3)  +  2. 

Another  excellent  feature  of  the  worlt,  and  the  one  which  appears 
to  me  to  display  the  greatest  amount  of  originality,  is  the  invention 
of  appropriate  diagrams  to  represent  the  classes  into  which  the 
whole  is  broken  up  when  a  given  number  of  attributes  are  taken  into 
consideration.  Intersecting  circles  suffice  in  the  case  of  two  or 
three  attributes  ;  but  when  the  number  is  increased  to  four,  we 
encounter  the  difficulty  of  making  four  closed  plane  figures  inter- 
sect so  that  each  of  the  resulting  classes  is  continuous.  Mr.  Venn 
succeeds,  by  means  of  ellipses,  in  drawing  figures  which  make  the 
final  classes  continuous,  though  some  of  the  intermediate  classes 
are  detached.     He  has  also  -rv     « 

shown  how  to  apply  these 
diagrams  to  express  data,  by 
shading  the  classes  which 
are  given  to  be  non-existent. 
A  paper  describing  this  me- 
thod appeared  in  the  Philo- 
sophical Magazine  for  Julv 
1880.  To  investigate  the 
above  problem,  the  method 
gives  us  the  four-ellipse  dia- 
gram (fig.  2) :  and  the  condi- 
tion expressed  in  the  equa- 
tion .vy=:zw  is  expressed  by  the  shading  out  represented.  It  indi- 
cates the  same  conclusion  as  the  other  figure. 

A  difficulty  arises  in  the  application  of  this  process  of  shading, 
out  in  the  case  of  the  contrary  class  (pp.  271,  281),  owing  to  the 
fact  that  Mr.  "N^enn  does  not  represent  the  whole  class  of  things 
considered  by  an  enclosure  such  as  the  square  in  fig.  1 .  Xot  only 
does  the  shading-out  process  require  this,  but  the  logical-diagram 
machine  insists  upon  it  (p.  122).     This  point  is  intimately  con- 
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nected  with  the  view  taken  of  the  Universe  of  Discourse,  to  the  dis- 
cussion of  which  our  author  devotes  a  chapter.  Mr.  Venn  does 
not  give  an  exact  definition  of  the  meaning  he  assigns  to  this  term  ; 
but  from  pp.  128  and  185  I  gather  that  he  considers  it  formed  by 
setting  limits  to  the  sum-total  of  logical  existence.  The  conception 
of  a  universe  is  held  to  be,  strictly  speaking,  extra-logical, — a 
question  of  the  application  of  our  formulae,  not  of  their  symbolic 
statement ;  and  on  the  symbolic  system  it  is  said  to  be  universally 
admitted  that  the  distinction  between  subject  and  predicate  is  lost. 
"  We  may  extend  our  universe  so  as  to  embrace  the  sum-total  of 
logical  existence,  in  which  case  European  includes  things  other  than 
men,  and  not-European  includes  the  unlimited  myriads  of  entities 
which  people  that  heterogeneous  domain."  What  I  object  to  is, 
having  any  thing  to  do  with  the  sum-total  of  logical  existence  or 
any  limited  portion  of  it :  I  object  to  considering  any  such  hetero- 
geneous subject.  The  term  universe  may  be  used  to  denote  a  more 
exact  and  more  useful  idea,  which  is  really  the  idea  required  to  make 
Boole's  processes  intelligible.  It  may  be  used  to  denote  a  collec- 
tion of  things  all  of  the  same  type,  such  as  is  denoted  by  a  sub- 
stantive. We  hold  that  the  logical  function  of  an  adjective  is  dif- 
ferent from  that  of  a  substantive,  and  so  different  that  the  distinc- 
tive cannot  be  lost  sight  of  in  any  exact  symbolic  system.  The 
logical  function  of  an  adjective  is  to  express  an  attribute — in  the 
language  of  the  grammarians,  to  qualify  a  substantive.  "  Black  "  has 
a  certain  meaning  in  itself  ;  but  it  can  no  more  denote  a  class  of 
things  before  being  applied  to  a  particular  type  than  can  a  number 
such  as  2  denote  a  quantity  before  being  applied  to  some  unit.  But 
Mr.  Venn  says  (p.  181)  that  "  we  all  know  what  is  in  most  cases  to 
be  included  under  the  name  '  black.'  "  I  reply  that  we  know  only, 
provided  we  are  given  the  logical  type  to  which  the  attribute 
refers.  Other\^ise  the  supposed  class  must  include  black  men, 
black  berries,  black  birds,  black  coats,  blacking,  &c., — and  not  only 
the  black  men,  but  the  black  hairs  on  the  heads  of  the  black 
men,  their  black  skins,  but,  in  general,  not  their  teeth — and  not 
only  the  black  hairs,  but  the  black  particles  of  each  black  hair — 
and  so  on  ad  injiaitum.  Here,  at  all  events,  there  is  danger  of 
counting  twice,  and  of  having  some  impossible  subtractions  to 
perform.  Man,  berry,  bird,  coat,  particle  of  blacking,  hair,  skin, 
tooth,  each  denotes  a  kind  of  logical  unit,  to  any  one  of  which  hlaclc 
may  be  applied  as  a  qualification.  This  conception  of  a  universe, 
instead  of  being  extra-logical,- seems  to  me  to  be  one  of  the  funda- 
mental ideas  of  the  science. 

'  Symbolic  Logic  '  possesses  a  feature  A^hich  could  scarcely  be  an- 
ticipated in  a  work  coming  from  so  great  an  authority  on  the  Theory 
of  Probability,  namely  an  aversion  to  all  quantitative  considera- 
tions. "  So  far  from  being  fairly  open  to  the  charge  of  being  too 
numerical,  we  are  really  more  open  to  that  of  being  almost  pru- 
dishly averse  to  being  seen  or  thought  to  enumerate,  as  will  be 
found  when  we  discuss  the  treatment  of  particular  propositions  '' 
(p.  xxii).     Turning  to  p.  169,  we  find :— "  To  exclude  them  (par- 
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ticular  propositions)  from  our  rules  would  ouly  be  a  slightly  greater 
encroachment  upon  the  full  freedom  of  popular  speech  thau  has 
already  been  brought  about  by  the  exclusion  of  such  terms  as  •  many,' 
'  most;  and  others  of  a  somewhat  quantitative  character."'  Mr.  Venn 
consequently  restricts  himself  generally  to  what  may  be  called  uni- 
versal propositions.  But  suppose  that  we  have  the  data  ay/ =  20 
and.v=20;  from  these  numerical  propositious,  though  each  is  despi- 
cable in  itself,  we  obtain,  when  combined,  the  important  universal 
proposition  x=-vi/.  To  exclude  number  is  to  draw  a  very  arbitrary 
line.  Connected  with  this  is  the  standpoint  involved  in  the  title 
'  Symbolic  Logic,'  a  standpoint  with  which  as  it  is  explained  in  the 
work  we  are  not  wholly  satisfied.  It  appears  to  us  that  Boole's 
work,  properly  understood,  leads  rather  to  the  conception  of  an 
Algebra  of  Logic;  not  an  Algebra  of  0  and  l,as  Boole  understood 
it,  but  an  Algebra  in  which  an  elementary  symbol  may  have  any 
value  between  0  and  1.  In  every  properly  expressed  equation  the 
quantitative  "value  of  the  one  member  is  equal  to  the  quantitative 
value  of  the  other  member.  The  identity  of  two  groups  of  the  same 
kind  of  logical  unit  surely  involves  equality  in  the  numbers  of  those 
groups.  Thus  viewed,  the  science  is  every  ^hit  as  quantitative  as 
ordinary  Algebra. 

Chapter  XII.  contains  a  series  of  original  problems  which  are 
used  to  illustrate  the  subject.  The  various  neat  methods  employed 
there  and  throughout  the  work  lead  us  to  the  conception,  not  of  a 
limited  si/stem  (a  word  which  is  a  fallacy  in  itself),  but  to  the  con- 
ception of  a  science  which  is  limited  only  in  the  sense  that  the 
portion  which  has  been  made  actual  knowledge  is  limited. 

A.  MACFABLAlfE. 

An  Introduction  to  Lor/ie.  By  W.  H.  8.  MoxcK,  JI.A.,  Professor  of 
Moral  PhilosojyJiy  in  the  University  of  Dublin.  Dublin:  Hodges, 
Foster,  and  Figgis,  Grafton  Street.  1880. 
Professor  Monck's  work  consists  of  two  parts — the  one  devoted 
to  an  elementary  exposition  of  the  subject,  the  other  to  the  discus- 
sion of  questions  more  suitable  to  the  advanced  student, — the  two 
together  forming  an  excellent  manual  on  the  Aristotelian  Logic. 
But  while  Prof.  Monck  describes  with  exactness  and  precision  the 
whole  province  he  has  traversed,  we  cannot  but  consider  that  pro- 
vince artificially  limited.  "  The  fact  is  that  Logic  does  not  draw 
inferences  at  all,  but  ouly  lays  down  rules  for  drawing  them  " 
(p.  x).  In  accordance  with  this,  Logic  cannot  help  us  to  conclude 
from  "  John  is  the  father  of  Thomas  "'  that  "  Thomas  is  the  son  of 
John  ; "  but  suppose  we  know  that  "  If  John  is  the  father  of 
Thomas,  Thomas  is  the  son  of  John,"  and  that  "  John  is  the  father 
of  Thomas,"'  then  Logic  can  assure  us  that  Thomas  is  the  son  of 
John.  In  accordance  a\  ith  this  theory  of  the  function  of  Logic,  we 
have  (at  p.  "<•),  "An  argument  of  this  fonn — three-fourths  of  the 
army  were  killed :  three-foiu'ths  of  the  army  were  Prussians ; 
therefore  some  of  the  Prussians  were  killed — is  logically  incom- 
plete ;  and  to  complete  it  we  must  state  in  tenus  that  any  two  frac- 
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tions  of  the  same  whole,  each  amounting  to  three-fourths  (or  to 
over  one-half)  must  have  a  common  part, — a  truth  so  obvious  that 
few  persons  would  think  it  necessary  to  state  it,  but  which  never- 
theless is  taught  by  arithmetic,  not  by  logic."  If  the  science  of 
Logic  must  hand  over  so  simple  a  matter  as  this  to  Arithmetic,  it 
cannot  be  surprising  to  any  one  that  every  book  on  Logic  devotes 
several  pages  to  discussing  the  time-honoured  question  of  the  utility 
of  what  it  has  to  ofier  to  the  reader.  But  Prof.  Monck  is  perhaps 
not  aware  that  if  he  hands  over  the  proof  of  this  piece  of  reasoning 
about  the  killed  Prussians  to  the  algebraist,  he  hands  over  along 
with  it  the  proof  of  every  syllogistic  mood.  This  was  shown  by 
De  ^lorgan  ;  but  the  proof  has  been  given  in  a  more  complete  form 
iu  Macfarlane's  '  Algebra  of  Logic,'  where  the  validity  of  each  mood 
is  proved  from  the  principle  ■«  hich  suffices  to  prove  the  above  piece 
of  reasoning,  and  the  necessary  reductions  required  to  bring  a  given 
mood  under  that  principle  are  shown  to  correspond  to  the  Aristo- 
telian process  of  Seduction. 

In  one  of  his  advanced  chapters  Prof.  Monck  deals  very  effec- 
tively with  Analytical  and  Synthetical  judgments  :  and  at  page  134 
we  have  some  remarks  on  the  difference  in  function  of  the  subject 
and  the  predicate  which  are  worthy  of  the  attention  of  symbolic 
logicians. 

SLv  Lectures  on  Physical  Geograpliy .  By  the  Eev.  S.  HAUGHToy, 
F.B.S.,  2I.D.  Dull.,  B.C.L.  Oxon.  Dublin  :  Hodges,  Foster,  and 
Co.     London  :  Longmans  and  Co.     1880. 

Physical  Geography  comprises  so  great  a  variety  of  subjects,  that 
it  is  somewhat  ditticult  to  compress  in  a  moderate  compass  the 
leading  facts  and  principles  of  the  science.  Being  generally  taught 
in  schools  and  colleges,  and  forming  one  of  the  subjects  of  science 
examinations,  many  text-books  have  been  prepared,  var^dng  in  size 
and  character  according  to  the  views  entertained  by  the  different 
authors  as  to  the  extent  and  bearing  of  Physical  Geography.  To 
these  may  now  be  added  the  above  treatise  by  Prof.  Haughton ; 
although  recently  published,  it  is  chiefly  based  on  a  short  cotirse 
of  lectures  given  five  years  ago,  the  substance  of  which,  carefully 
revised  and  considerably  enlarged,  with  ntimerous  notes,  maps,  and 
diagrams,  forms  the  present  volume. 

The  tirst  two  lectures  treat  of  the  past  history  (including  the 
nebular  hypothesis  of  Laplace)  and  future  prospects  of  the  Earth 
as  inferred  from  the  phases  which  the  Moon,  Mars,  and  Yenus 
have  undergone  or  are  now  passing  through, — and  also  of  the 
origin,  form,  and  distribution  of  continents,  oceans,  and  mountain- 
chains,  as  well  as  the  phenomena  exhibited  by  volcanos  as  connected 
with  the  contraction  of  the  earth's  crust  due  to  secular  cooHng. 

In  the  third  lecture,  besides  the  law  of  atmospheric  and  oceanic 
circulation,  the  author  treats  of  the  scale  of  geological  time  dtiring 
the  Azoic,  Palaeozoic,  and  Xeozoic  periods,  and  shows,  from  calcu- 
lations given  (pp.  90-92),  that  by  comparing  the  percentages  of 
the  maximum   thicknesses   of  the  stratified  rocks  with  the  per- 
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ceutages  of  time  found  from  the  theory  of  a  cooling  globe,  there  is 
a  remarkable  agreement,  and  strongly  justifies  the  principle  held 
by  many  geologists,  that  the  proper  relative  measure  of  geological 
periods  is  the  maximum  thickness  of  the  strata  formed  during 
those  periods. 

The  fourth  and  fifth  lectures  are  devoted  to  the  distribution 
and  origin  of  the  rivers  and  lakes  of  Europe,  Asia,  S.  America,  and 
Africa,  including  details  as  to  theii'  drainage-areas,  rate  of  denuda- 
tion of  the  different  rain-basins,  and  matter  discharged  by  the 
rivers.  Orogi-aphical  maps  of  the  two  latter  continents  are  given, 
in  order  to  show  the  great  superiority  of  S.  America  over  Africa  in 
the  manufacture  of  rivers,  as  fully  explained  (pp.  l!0-t-243). 

The  geographical  distribution  of  animals  and  plants  forms  the 
subject  of  the  concluding  lecture,  in  which  the  author  gives  an  out- 
line of  the  more  important  facts,  and  the  attempts  that  have  been 
made  to  explain  them.  The  groujis  of  animals  selected  for  illustra- 
tion are  the  Iviiig-Cralis,  Ostrich  family,  uon-placental  Mammals,  the 
Edentates,  Humming-birds,  and  the  Monkeys  and  Apes.  The  dis- 
tribution of  the  subdinsious  of  the  above  groups  is  given,  as  also 
of  their  fossil  ancestors  as  bearing  on  the  origin  of  the  present 
forms. 

The  zoological  regions  are  adopted  from  Mr.  Wallace,  but  with 
different  names,  ^-iz.  the  Europasian,  N.  and  S.  American,  African, 
Australian.  These  five  natural  regions  are  related  to  the  ancient 
land-svstems  of  the  globe  defined  by  the  meridian  axes  of  elevation, 
of  which  there  are  t\^  o  in  the  northern  and  three  in  the  southern 
hemisphere,  as  described  by  the  author  (pp.  20,  29),  and  which  date 
back  as  far  as  the  earliest  sedimentary  deposits,  modified,  as  in  the 
case  of  Europasia,  by  an  east-and-west  small-circle  chain,  which  is 
onlv  of  Tertiarv  origin.  The  characteristic  animals  of  these  differ- 
ent" zoological  "provnices  are  given,  and  their  relation  to  the  pro- 
glacial  fauna  of  the  same  regions. 

To  the  above  five  regions  an  Oriental,  or  supplemental  one  is 
added,  as  it  does  not  owe  its  origin  or  fauna  to  any  of  the  primary 
continents  of  the  northern  or  southern  hemisphere,  but  seems  to 
have  been  supplied  by  immigration.  It  contains  all  tropical  Asia 
east  of  the  Indus,  with  the  Malay  islands  as  far  as  Java,  Borneo, 
and  the  Philippines. 

In  the  geoc;raphical  distribution  of  plants  the  author  follows 
Bentham.  Mho  recognizes  three  great  floras,  \\\e  Xorthern,  Southern, 
and  the  Equal oriarTropical.  Details  of  the  characteristic  forms  of 
these  floras  are  given  ;  but  with  regard  to  the  entire  flora  of  the  globe 
having  one  origin  only,  as  believed  by  some  botanists,  he  consi- 
ders ft  to  have  had  two  origins,  from  both  poles  (pp.  2SS,  313). 
A  comparison  of  the  present  and  Miocene  floras  and  climates  of 
the  Arctic  regions  concludes  this  lecture  (pp.  313-:34o).  From 
the  facts  stated,  it  is  inferred : — 

1.  The  Miocene  July  temperature  of  Grinnell-land,  Spitzbergen, 
was  28^  F.  higher  than  at  present. 

2.  The  Gulf-stream,  which  is  now  the  cause  of  the  difference 
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between  the  climates  of  the  above  places,  occupied  in  Miocene 
times  the  same  position  as  at  present,  and  performed  the  same 
friendly  function  to  Spitzbergen. 

3.  The  Atlantic  Ocean  occupied  its  present  position  ;  and  the 
impossible  bridge  between  Grreenland  and  Europe  did  not  exist. 

Climate  in  past  and  present  times,  aud  its  influence  on  the  dis- 
tribution of  animal  life,  is  frequently  referred  to  ;  and  the  deduc- 
tions on  the  causes  of  geological  climates  deserve  a  careful,  if 
not  a  critical,  consideration.  From  a  series  of  calculations  on  the 
effects  of  sun-heat,  earth-heat,  and  atmospheric  conditions  as  the 
sole  causes  respectively  of  changes  in  geological  climates,  the  author 
gives  the  following  probable  conclusions  : — 

1.  We  must  reject  any  solution  based  upon  a  change  of  posi- 
tion, either  in  space  or  within  the  earth's  body,  of  the  axis  of  rota- 
tion, within  the  limits  of  geological  time. 

2.  We  must  reject  any  solution  based  upon  the  secular  cooling 
of  the  earth  {yAVa  a  fixed  axis  of  rotation),  regarded  as  the  sole  and 
immediate  cause  of  the  change  of  climate. 

3.  The  chief  factor  in  changes  of  Geological  Climate  appears  to 
haAB  been  the  slow  secular  cooling  of  the  sun,  in  consequence  of 
which  the  earth's  sui'face  cooled  gradually  down. 

Generally  speaking,  the  broad  facts  and  leading  principles  of 
Physical  Geography,  and  their  explanations,  are  differently  treated 
than  in  many  other  manuals  on  the  subject. 

Practical  Plane  Geometri/.     By  Jonx  William  Pallisee. 

Simpkin,  Marshall,  and  Co.  1881. 
This  is  an  excellent  treatise  on  Constructive  Geometry,  and  far 
more  comprehensive  than  most  elementary  books  on  the  same  sub- 
ject. It  treats  of  the  straight  line,  angles,  circles,  proportional  parts, 
equivalent  figures,  the  generation  of  various  curves  (not  often 
introduced  into  even  more  pretentions  books),  and  the  construction 
of  scales.  It  is  well  adapted  to  the  requirements  of  pupils  pre- 
paring for  examination  at  South  Kensington,  and  the  Preliminary 
examinations  for  entrance  to  Sandhurst  and  Woolwich.  The 
constructions  are  well  dra^\^l,  and  the  directions  for  reproducing 
the  various  problems  clear  and  sufficient.  We  may  I'easonably 
make  exception  to  fig.  6  (p.  7) ;  for  the  points  G  and  H  are  not 
mathematically  determined.  There  is,  too,  a  much  simpler  method 
of  inscribing  a  square  in  any  triangle  than  the  one  given  on  p.  12, 
though  the  latter  is  perfectly  sound  and  demonstrable.  In  speak- 
ing of  Eepresentative  fractions  of  plans  (p.  59),  the  author  says: — 
"  thus  y^j  attached  to  a  plan  would  show  that  the  drawing  is  one- 
tivelftli  the  real  size."  If  the  word  drawing  be  taken  to  apply  to 
the  plan  or  map  as  a  whole,  and  not  to  a  given  straight  line  in  it, 
it  would  do  nothing  of  the  kind*.  Other  equally  vague  expressions 
occur  in  various  parts  of  the  book.  The  introduction  to  Elementary 
Solid  Geometry  might,  we  venture  to  think,  be  omitted  without  in 
any  way  detracting  from  the  value  of  the  book. 

*  On  the  same  page  365^  ought  to  be  36  x  5-'-. 
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Natural  Philosophy,  for  general  readers  and  young  persons.    Trans- 
lated and  Edited  from  GanoCs  Cours   Elcmentaire   de  Physique 
(^with  the  Author  s  sanction)  hy  E.  Atkixsox,  Ph.D.,  F.C'.S.,  Pro- 
fessor of  Experimental   /Science    in    the    Staff   Coller/e.       Fourth 
Edition.     London:  Longman,  Green,  and  Co.    1881. 
It  may  be  safely  asserted  that  no  book  on  Pliysics  has  liad  a  more 
deserved  popularity  during  the  past  fifteen  years  among  teachers 
and  ])upils  than  l)r.  Atkinson's  larger  work,  now  in   the  tenth 
edition.     And  the  reason  for  this  is  very  obvious  :  basing  the  work 
on  Ganot's  \\  ell-know  n  treatise,  Dr.  Atkinson,  by  well-chosen  addi- 
tions and  amplilications  of  his  own,  strove  to  produce  a  good  book, 
and  abundantly  succeeded.     Improvements  on  old  methods,  and 
new  discoveries,  have  in  like  manner  found  places  from  time  to  time 
in  Dr.  Atkinson's  excellent  book. 

In  the  A\ork  no\A'  before  us  Dr.  At]<inson  is  wisely  pursuing  the 
same  plan.  Thus,  in  art.  516  we  find  a  lucid  description  of  the 
Telephone  and  its  applications  in  the  transmission  of  sound.  Keis 
in  1862  made  the  first  successful  experiment  in  transmitting  musical 
sound  some  distance  by  aid  of  electricity.  Simple  as  his  apparatus 
was,  that  used  by  Professor  Graham  Bell  is  still  simpler  ;  for  he 
dispenses  with  the  electrical  battery,  and  substitutes  a  small  steel 
magnet. 

The  subject-matter  of  the  book  is  greatly  elucidated  by  well- 
executed  M  oodcuts,  of  which  there  are  no  fewer  than  471 ;  some 
few  of  which,  we  venture  to  suggest,  might  be  dispensed  with  with- 
out in  any  way  detracting  from  the  value  of  the  book. 

An  Appendix  furnishes  upwards  of  300  questions  on  the  proper- 
ties of  matter,  liquids,  gases,  sound,  heat,  light,  magnetism,  and 
electricities.  Many  of  these  are  easy  common-sense  questions  ; 
whilst  others  can  only  be  answered  after  a  thoughtful  perusal  of 
the  various  subjects.  They  are  all  very  suggestive  to  both  teachers 
and  pupils  ;  and  we  commend  them  to  the  former  as  eminently 
adapted  to  elementary  class-work. 

TexthooTc  of  Systematic  Mineralogy.  By  Hilary  Batjeeman,  F.G.S. 
Longmans,  Green,  and  Co.    1S81. 

As  in  most  modern  treatises  on  IMineralogy,  a  very  large  portion 
of  this  work  is  taken  up  by  crystallography.  In  this  part  of  the 
volume  there  is  some  amount  of  original  treatment,  while  full  use 
has  been  made  of  the  existing  literature  on  the  subject,  from  Haiiy 
to  Mallard  inclusive.  It  has  been  brought  well  up  to  date,  and 
contains  some  things  which  have  not  usually  found  their  way  into 
English  treatises  on  Mineralogy. 

Among  these  may  be  mentioned  a  short  account  of  reticular 
point  systems,  and,  again,  an  explanation  of  the  practical  application 
of  rationality  by  means  of  the  anharmonic  ratio  of  a  zone.  The 
parallelism  of  geometrical  and  crystallographic  symmetry  is  perhaps 
more  fully  utilized  than  even  by  Miller,  or  at  all  events  is  more 
fully  developed,  considerable  attention  being  given  to  the  geome- 
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trical  discussion  of  hemihedrism  and  tetratohedrism.  These  some- 
what difficult  points  are  illustrated  by  shaded  drawings,  which  give 
the  student  a  very  clear  idea  of  what  hemUiedrism  really  means. 

The  notations  used  are  those  of  Miller  and  Xaumaun,  side  by 
side  throughout — the  figures  bearing  Miller's  numbers  on  their 
faces  (except  for  the  hexagonal  system,  in  which  Bravais's  modifi- 
cation is  adopted),  while  Xaumann's  symbols  are  used  in  the 
descriptive  text.  Explanations  are  also  given  of  other  systems, 
such  as  those  of  Weiss  and  Schrauf. 

We  notice  as  minor  deficiencies  in  the  geometrical  portion  of  the 
work,  first,  that  it  might  have  been  mentioned  a  little  more  distinctly 
that  the  unclosed  forms,  which  occur  in  all  except  the  cubic  system, 
can  only  occur  in  combination;  secondly,  that  in  the  account  of 
twin  crystals  (p.  167)  the  distinction  between  the  twin-plane  and 
the  composition-plane  is  not  very  fully  explained,  and  is  not  illus- 
trated specifically  ;  although  a  figure  of  the  Carlsbad  twin,  in  which 
these  two  planes  do  not  coincide,  is  given  elsewhere  (p.  181). 

These  are,  perhaps,  not  very  important  points  :  the  first  will 
speedily  force  itself  on  the  attentive  student ;  and  as  regards  the 
second,  it  may  be  said  that  no  one  has  a  right  to  assume  the  iden- 
tity of  two  things  which  are  arrived  at  by  different  considerations 
vsithout  proving  them  to  be  identical. 

The  optical  properties  of  crystals  are  considered  at  somewhat 
greater  length  than  is  usual  in  elementary  treatises ;  and  compre- 
hensive tables  are  furnished  of  the  optical  constants  of  the  trans- 
parent minerals. 

In  the  chemical  portion  of  the  work,  the  author  has  adopted  the 
classification  followed  by  Eammelsberg  in  the  second  edition  of  his 
Handhiuh  der  Mineral.  Cheniie,  which  is  now  regarded  as  the  stan- 
dard aiathority  upon  the  chemistry  of  minerals. 

The  present  volume,  which  completes  the  systematic  part,  is 
to  be  followed  by  another  upon  descriptive  Mineralogy.  If  the 
forthcoming  volume  be  prepared  A^ith  the  same  ability  and  pains- 
taking care  which  is  exhibited  in  that  now  before  us,  the  two  will 
constitiite  a  rehable  elementary  textbook  which  cannot  fail  to  be 
of  the  greatest  value  to  students  of  mineralogy. 
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April  6,  1881.— J.  W.  Hulke,  Esq.,  F.E.S.,  Tice-President, 
in  the  Chair. 
'T^HE  following  communications  were  read  : — 
-^      1.  "  The  Microscopic  Characters  of  the  Vitreous  Eocks  of  Mon- 
tana, U.  S."     By  F.  Eutley,  Esq.,  E.G.S. ;  with  an  Appendix  by 
James  Eccles,  Esq.,  F.G.S. 

The  specimens  described  were  collected  by  Mr.  J.  Eccles,  F.G.S. 
They  consist  of  various  obsidiaiis  and  rhyolites,  some  of  them  porphy- 
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ritic  or  spherulitic,  which  appear  to  tlirow  some  light  on  the  epoch 
at  which  these  .structures  have  been  set  up.  In  a  black  porphyritic 
obsidian  is  a  crystal  which  the  autlior  believed  to  be  olivine.  Zirkel 
has  already  noticed  the  occurrence  uf  this  mineral  in  a  trachyte.  The 
structure  uf  some  of  tlie  above  indicates  that  it  is  extremely  difficult 
to  draw  hard  and  fast  lines  between  trachytic  rhyolites  and  fel- 
stories.  X.  tuff  containing  fragments  of  a  rhyolite,  some  perlitic,  was 
also  described.  The  spaces  included  within  the  boundary  of  some  of 
these  perlitic  cracks  exhibit  depolarization  and  sometimes  inter- 
ference-crosses. The  author  considered  these  to  be  the  result  of 
strain  in  contraction,  and  connected  with  incipient  crystallization. 

Andesites,  from  two  localities  in  the  northern  part  of  the  Yellow- 
stone district,  were  also  described. 

In  an  appendix  Mr.  Eccles  briefly  described  the  geologj'  of  the  region 
from  which  the  above  specimens  were  collected,  referring  for  greater 
detail  to  the  memoirs  of  Dr.  Haydcn  and  his  fellow  workers.  In  the 
Yellowstone-Park  region  trachyte  and  obsidian  (the  latter  being  the 
upper)  form  an  irregular  plateau,  resting  on  rocks  of  Carboniferous 
age.  No  vents  were  observed  ;  but  Mount  Washburne,  a  few  miles 
distant,  is  a  broken-down  volcanic  cone,  from  which  both  trachyte- 
and  basalt-flows  (the  latter  the  newer)  have  proceeded. 

2.  "  On  the  Microscopic  Structure  of  Devitrified  rocks  from  Bcdd- 
gelert,  Snowdon,  and  Skomer  Island."     I3y  F.  Eutley,  Esq.,  F.G.S. 

The  first  specimen  described  was  found  about  a  quarter  of  a  mile 
from  Beddgclert,  on  the  Capel-Curig  road.  Examined  microscopi- 
cally, it  showed  traces  of  perlitic  structure,  with  small  spherulitcs, 
both  isolated  and  in  bands,  not  exhibiting  radial  structure,  but  ajjpa- 
rently  com])Osed  of  ver}'  minute  chlorite  and  a  garnet,  probably  spes- 
sartine.  Hence  the  rock  must  be  a  devitrified  obsidian  or  pitchstone. 
The  second  specimen  is  a  banded  greenish-grey  "  felstone,"  at  Clog- 
wyn  du  r  Arddu,  of  Bala  age,  which  also  has  probably  been  vitreous. 
The  third  specimen,  from  near  Pont  y  Gromlech,  is  a  schistose  felsitic 
rock.  This  was  compared  microscopically  with  an  obsidian  from 
Hungary  and  a  rhyolite  from  Gardiner's  lliver  (N.  America),  and  was 
shown  to  have  been  probablj'  once  a  glassy  rock.  In  conclusion 
the  author  discussed  the  limits  of  the  terms  felstone,  rhyolite,  tra- 
chyte, and  obsidian. 

An  appendix  was  added  upon  the  microscopic  characters  of  some 
rocks  from  Skomer  Island,  oft"  the  coast  of  Pembrokeshire.  These 
were  shown  to  be  devitrified  obsidians,  some  of  them  exhibiting 
spheruUtic  and  perlitic  structures.  A  trachytic  rock  and  a  basalt 
from  the  same  locality  were  also  described. 

3.  "  The  Date  of  the  last  Change  of  Level  in  Lancashire."  By 
T.  Mellard  Reade,  Esq.,  C.E.,  F.G.S. 

The  author  described  some  observations  made  by  him  at  Pdundell 
sands,  on  the  coast  of  Lancashire,  near  Liverjjool,  according  to  which, 
judging  from  the  position  of  high-water  maik,  the  land  had  gained 
considerably  \ipon  the  sea  between  ISGO  and  1874.  At  one  end  of 
a  length  of  350  yards,  spring-tide  high-water  mark  had  receded 
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15  yards,  and  at  the  other  end  5  yards.  The  author  estimated  that 
the  deposit  of  sand  that  had  accumulated  in  8  years  amounted  to 
an  average  of  10  yards  width  and  2  yards  depth.  Allowing  a  further 
depth  of  1  yard  for  sand  that  may  have  heeu  blown  over  the  top,  he 
finds  10,500  cubic  yards  as  the  quantity  of  sand  deposited  iu  8 
years  on  a  shore-frontage  of  350  yards,  or  3'75  cubic  yards  per  yard 
of  frontage  per  annum.  Applying  this  unit  of  measurement  to  the 
J  6  miles  of  coast  forming  the  western  boundary  of  the  deposit,  he 
gets  105,600  cubic  yards  as  the  quantity  of  sand  annually  moved ; 
22  square  miles  of  sand,  12  feet  thick,  give  272,585,800  cubic  yards 
of  sand  accumulated,  which,  divided  by  the  annual  quantity,  wiU 
give  2580  years  as  the  age  of  the  whole  deposit  of  blown  sand.  The 
author  adduced  other  evidence  in  support  of  his  view,  and  concluded 
that  if  the  last  change  of  level  in  South-west  Lancashire  was  a 
downward  one,  it  could  not  have  taken  place  within  2500  years. 

April  27. — Eobert  Etheridge,  Esq.,  F.E.S.,  President, 
in  the  Chair. 

The  following  communications  were  read  : — 

1.  "  On  the  precise  Mode  of  Accumulation  and  Derivation  of  the 
Moel-Tryfan  Shelly  Deposits  ;  on  the  Discovery  of  similar  high-level 
Deposits  along  the  Eastei'n  Slopes  of  the  Welsh  Mouxitaius ;  and  on 
the  Existence  of  Drift-zones  showing  probable  Variations  in  the  Eate 
of  Submergence."     By  D.  Mackintosh,  Esq.,  F.G.S. 

The  author  commenced  by  giving  a  sketch  of  the  progress  of  dis- 
coverj-  connected  with  the  Moel-Tryfan  deposits.  He  then  described 
certain  phenomena  connected  with  these  deposits,  to  which  little  or 
no  attention  has  been  devoted  hy  other  observers.  After  identifying 
the  local  stones  and  indirectly  local  erratics,  he  traced  the  derivation 
of  the  far-travelled  erratics  which  came  from  the  X.  and  X.W  He 
drew  particular  attention  to  an  extensive  exposure  of  slaty  laminse, 
the  edges  of  which  have  been  bent  by  a  force  assailing  the  hill  from 
the  Js'.W. ;  and  as  these  edges  have  been  shattered  so  as  to  form 
parcels  of  slate-chips  covered  by  or  rolled  up  in  laminated  sand, 
along  with  parcels  of  clay,  he  endeavoured  to  prove  that  a  stranding 
of  the  floating  ice  which  must  have  brought  part  of  the  erratics 
(including  numerous  chalk-llints)  will  alone  account  for  the  pheno- 
mena. After  describing  patches  of  gravel  and  sand  in  other  parts 
of  Caernarvonshire,  referring  to  the  Three-Eock  Mountain  deposits 
in  Ireland  (which  must  have. come  from  the  X.W.),  and  briefly 
noticing  the  drifts  on  Halkiii  Mountain,  Fhntshire,  he  entered  upon 
the  main  subject  of  his  paper,  namely  the  discovery  of  an  extensive 
series  of  marine  drifts,  including  (besides  deposits  on  flat  ground) 
about  twelve  hillocks  or  knolls,  consisting  of  rounded  gravel  and 
sand,  and,  in  at  least  two  instances,  containing  gravel-  pits  with  nu- 
merous shell-fragments.  They  extend  alung  the  east  side  of  the 
northern  part  of  the  mountain-range  which  runs  between  Minera 
and  Llangollen  Yale,  and  are  situated  at  levels  between  1100  and 
1300  feet  above  the  sea.     The  gravel  is  largely  made  up  of  rounded 
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Eskdcole-grauite  pebbles ;  and  during  his  last  or  fourth  visit  to  tho 
district,  he  found  a  large  granite  boulder  on  the  axial  summit  of  the 
ridge,  about  1430  feet  above  the  sea,  showing  a  submergence  of  the 
mountain  to  at  least  that  extent.  He  went  on  to  assign  reasons  for 
believing  that  the  sea  lingered  longer  at  the  level  of  the  sand  and 
gravel  knolls  than  lower  down  and  higher  up,  so  as  to  allow  time 
for  the  extra  rounding  of  the  pebbles,  accumulation  of  erratics, 
and  multiplication  of  Mollusoa ;  for  he  could  discover  no  reason 
for  supposing  that  the  mollusks  which  left  tho  shells  did  not  live 
on  or  near  the  spot  in  tlie  littoral  or  sublittoral  zone.  He  then 
described  a  small  exposure  of  high-level  rounded  gravel  and  sand 
near  Llangolleu,  and  dwelt  on  the  remarkable  fact  that  the  marine 
deposits  on  Moel  Trvt'an,  Thrce-llock  Mountain  (Ireland),  Minera 
Mountain,  and  in  Macclesfield  Forest  occur  at  about  the  same  alti- 
tude above  the  sea-level.  After  proposing  a  provisional  classifica- 
tion of  the  drift-deposits  of  North  ^^'ales  and  the  Penine  Hills  into 
zones,  showing  probable  variations  in  the  rate  of  submergence,  he 
concluded  by  discussing  the  question  whether  the  submergence  was 
caused  by  the  subsidence  of  the  land  or  the  rising  of  the  sea,  without 
venturing  to  express  any  decided  opinion  on  the  subject,  but  in- 
clining to  the  former  idea. 

2.  "  On  the  Correlation  of  the  Upper  Jurassic  Eocks  of  England 
•with  those  of  the  Continent."  By  the  liev.  J.  F.  Blake,  M.A., 
F.G.S.     Part  I.  The  Paris  Basin. 

This  was  an  attempt  to  settle  the  many  qttestions  of  correlation 
arising  out  of  the  detailed  descriptions  given  of  the  various  localities 
in  the  Paris  basin  where  Upper  Jurassic  rocks  are  developed,  by  a 
consecutive  survey  of  them  all,  undertaken  by  the  aid  of  a  grant 
from  the  "  Government  Fund  for  Scientific  Eesearch."  In  previous 
papers  the  names  used  for  the  great  subdivisions  and  their  boun- 
daries were  adopted  without  material  modification  ;  in  the  present 
such  modifications  were  proposed  as  may  bring  the  English  and 
continental  arrangements  into  harmony. 

Five  distinct  areas  were  considered  in  this  paper.  1.  The  southern 
range ;  2.  The  Charentes ;  3.  Xormandy ;  4.  The  Pays  de  Bray ; 
5.  The  Boiilonuais. 

1.  llie  Southern  Eanr/e. — This  is  continuous  from  the  Ardennes 
through  the  Mense,  Tonne,  &e,,  to  the  Cher.  In  the  Ardennes  the 
"  Ferriiginous  Oolite"  corresponds  to  our  Osmington  Oolite,  and  to 
the  Lower  Limestones  and  Passage-beds  -of  Yorkshire,  the  under- 
lying "  Middle  Oxfordian "  being  equivalent  to  our  Lower  Cal- 
careous Grit.  Above  comes  immediately  the  Coral  Bag  with 
Cidaris  florigemma ;  and  the  stratigraphical  and  pala-ontological 
break  is  constantly  between  the  Coral  Bag  and  Ferruginous  Oolite 
when  that  occurs.  The  Corallian  is  a  well-marked  formation, 
though  its  character  is  variability.  It  is  divisible  generally  into 
two  groups — Coral  Bag  and  Supracoralline  beds,  the  latter  usually 
being  the  "  Z>jccras-beds ;"  but  in  the  Yonne  there  is  a  great  de- 
velopment of  i)?cerrts-beds  below,   associated  with   Cidaris  Jlori- 
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gemma  and  massive  corals,  which  is  gradually  introduced  in  going 
west.  This  part  of  the  series  in  the  Haute  Marne  has  been  de- 
scribed as  very  different ;  but  the  author  did  not  at  all  agree  with 
M.Tombeck's  stratigraphical  determination,  and  considers  the  "  OoKte 
de  la  Xothe  "  no  more  than  the  continuation  of  the  Supracoralline 
Diceras-heHs,  which  he  considers  to  uniformly  overlie  and  never 
to  underlie  the  Am.  marantianus  marls,  which  latter  are  Oxfordian. 
In  fact  nothing  abnormal  occurs  in  this  Department.  The  whole 
series  has  a  tendency  to  degenerate  into  barren  lithographic  lime- 
stones, in  which  distinctions  are  lost.  The  Astartian  and  Yirgulian 
beds  were  traced  through  this  range,  the  latter  seldom  showing  any 
well-marked  Pterocerian  division,  and  the  former  being  most  con- 
nected with  the  overlying  series.  Above  these  are  limestones 
hitherto  called  "  Portlandian,"  in  which  two  zones  are  constant; 
but  above  all  are  vacuolar  Oolites,  which  alone  may  be  truly  cor- 
related with  the  Portland  rocks  of  England.  The  whole  of  the  beds 
in  this  range  are  eminently  calcareous,  a  true  clay  being  scarcely 
anywhere  seen. 

2.  The  Churentes. — In  these  two  Departments  the  lower  portion 
is  very  calcareous,  and  the  distinction  of  one  part  from  another  very 
slight  ;  but  the  highest  portion,  both  near  Cognac  and  on  the  He 
d'Oleron,  yields  beds  which  may  be  paralleled  with  our  true  English 
Portland  rocks. 

3.  Normandy. — The  complete  sequence  has  here  been  made  out, 
from  the  true  Oxford  Clay  of  Dives  to  the  Yirgulian  of  Havre ;  and 
the  similarity  of  the  whole  to  the  sequence  in  Dorsetshire  is  very 
remarkable.  "  The  Trouville  Oolite  "  is  the  exact  representative  of 
the  "  Osmington  Oolites "  with  the  Kothe  Grits  below  ;  but  the 
place  of  the  Sandsfoot  clay  is  taken  by  the  true  Coral  Eag,  whose 
right  position  in  the  "Weymouth  section  is  hereby  determined.  The 
Supracoralline  beds  are  the  sands  of  Glos  ;  and  the  Astartian  beds  are 
the  T/-?V/o/u"a-beds  of  Havre,  which  are  the  exact  representatives 
of  the  "  Kimmeridge  passage-beds." 

4.  The  Pays  de  Bray. — Nothing  below  the  Yirgulian  is  here  seen  ; 
and  the  commencement  of  the  so-called  "  Portland  beds  "  was  con- 
sidered by  the  author  to  be  at  a  lower  level  than  it  is  placed  by  il. 
Lapparent,  on  account  of  the  similarity  to  beds  at  Boulogne.  The  true 
Portland  rocks  occur  as  ferriiginous  sandstones  with  Trigoniu  gihbosa. 

5.  Boidonnais. — The  Houllefort  limestone  was  correlated  with  the 
Osmington  Oolite.  The  Coral  Eag  of  Brucdale  was  considered  equi- 
valent to  that  of  the  Mont  des  Boucards,  the  so-called  limestones  of 
the  latter  place  being  Supracoralline.  The  jSTeriufean  Oolite  and  the 
Gres  de  Wirvigne  represent  the  Astartian.  The  higher  parts  of  the 
series  have  been  already  correlated. 

From  this  study  it  was  proposed  : — that  the  "  Lower  Calcareous 
Grit "  and  almost  all  the  Coralline  Oolite  should  be  placed  in  the 
Oxfordian  series  as  the  upper  division,  under  the  name  "  Oxford 
Grit  "  and  "  Oxford  Oolite  ;"  that  the  Coralliau  consists  of  two  parts, 
the  Coral  Eag  and  the  Supracoralline  beds  ;  that  the  EJimmeridgian 
should  include  the  Astartian  and  Yii'gulian,  the  Pterocerian  being 
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a  subzone;  that  the  "  Upper  Kimmeritlge  "  and  the  Hartwell  clay, 
with  tho  "  rorthind  saud,"  should  make  a  new  subdivision  to  be 
called  liolonian,  the  northern  and  southern  tyi)os  being  both  repre- 
sented at  Boulogne,  which  may  bo  divided  into  Upper  and  Lower ; 
and  that  the  true  Portland  limestone  and  the  Purbeck  be  united 
into  one  group,  as  Lower  and  Upper  Portlandian,  the  fact  of  the 
latter  being  freshwater  being  paralleled  b^  parts  of  the  true  Portland 
having  that  character. 

3.  "  On  fossil  Chilostomatons  Bryozoa  fi-om  the  Yarra-Yarra, 
Victoria,  Australia"     By  Arthur  William  Waters,  Esq.,  P.G.S. 

June  8.— Eobert  Etheridge,  Esq.,  F.E.S.,  President, 
in  the  Chair. 
The  following  communications  were  read: — 

1.  "  The  llt'ptile-Fauna  of  the  Gosau  Formation,  preserved  in  the 
Geological  Museum  of  the  University  of  Vienna."  By  Prof.  H.  G. 
Seeley,  F.ll.S.,  F.L.S.,  F.G.S. ;  with  a  Note  on  the  Geologicid 
Horizon  of  the  Fossils,  by  Edward  JSuess,  F.M.G.S. 

2.  "  On  the  Basement-beds  of  the  Cambrian  in  Anglesey."  By 
Prof.  T.  McKenny  Hughes,  M.A.,  F.G.S. 

In  this  paper  the  author  first  pointed  out  that  there  was  in 
Anglesey  (1)  an  upper  slaty  group,  in  which  he  had  fixed  two 
life  zones,  which  showed  that  the  series  belonged  to  the  Silurian 
(Sedgwick's  classification),  and  (2)  a  lower  group  of  slates  and  sand- 
stones in  Avhich  Arenig  fossils  had  been  found  in  several  localities, 
and  Tremaduc  had  been  less  clearly  recognized,  while  by  the  cor- 
rection of  the  determination  of  a  species  of  Ortlds  there  was  now  a 
suspicion  of  even  Menevian  forms.  These  all  rested  upon  the  base- 
ment-beds of  the  Cambrian,  of  which  the  paper  chiefiy  treated. 
They  were  made  up  of  conglomerates,  grits,  and  sandstones,  with 
Annelids  and  Fucoids. 

The  Basement-beds  varied  in  thickness  and  character  according 
to  the  drift  of  currents  along  the  Pre-cambrian  shore  and  the  ma- 
terial of  the  underlying  rocks.  Near  Penlon,  where  they  rested  on 
a  quartz-felspar  rock,  they  consisted  chiefiy  of  a  qnartz-grit  and  con- 
glomerate, almost  exactly  like  that  of  Twt  Hill.  Near  Llanerchy- 
medd,  where  there  was  a  mass  of  greenish  schistose  rock  succeeding 
the  Dimetian,  the  Cambrian  basement-bed  contained  a  large  number 
of  fragments  of  that  rock,  certain  bands  being  chiefly  composed  of  it. 
Near  Bryngwallcn,  where  the  underlying  Archa\in  consisted  of 
gneissic  rocks,  the  Cambrian  basement-beds  were  made  iip  of  quartz 
conglomerate.  Tracing  it  still  further  to  the  S.W.  he  found  bosses 
of  conglomerate  among  the  sand  dunes  of  Cymmeran  Bay,  full  of 
fiagments  of  green  schistose  rock,  like  that  of  Bangor,  and  telling  of 
the  further  development  of  Pebidian  at  the  S.W.  end  of  the  Anglesey 
axis.  In  several  localities  these  conglomerates  were  associated  with 
and  passed  into  fossQiferous  grits  and  sandstones.  He  exhibited 
slices  of  the  more  important  rocks,  which,  ho  showed,  confirmed  the 
results  arrived  at  from  other  evidence.     He  pointed  out  that  the 
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observations  now  made  confirmed  the  views  he  had  expressed  on  a 
former  occasion  with  regard  to  the  basement-beds  of  the  Cambrian 
between  Caernarvon  and  Bangor,  where  the  deposits  which  rested 
upon  the  granitoid  rocks  of  Twt  Hill  were  either  a  kind  of  arkose 
or  chiefly  composed  of  quartz  with  a  few  pieces  of  mica-schist  and 
jasper ;  but  as  we  followed  them  a  few  miles  to  the  X.E.  we  found 
that  the  quartz  had  got  pounded  into  smaller  grains,  and  the  larger 
pebbles  were  chiefly  of  feisite,  which  here  furmed  the  shore,  while 
further  towards  Bangor  fragments  of  the  still  higher  Bangor  volcanic 
series  helped  to  make  up  the  Cambrian  shingle-beach. 

3.  "  Description  and  Correlation  of  the  Bournemouth  Beds. — 
Part  n.  Lower  or  Freshwater  Series."'  By  J.  S.  Gardner,  Esq., 
F.G.S. 

This  was  in  continuation  of  a  former  paper  by  the  author  (Q.  J. 
G.  S.  vol.  XXXV.  p.  209).  The  beds  described  are  exposed  east  and 
west  of  Bournemouth  and  near  Poole  harbour,  over  a  distance  of 
about  four  miles.  The  author  referred  them  to  the  Middle  Bagshot, 
and  stated  that  they  are  distinguished  from  the  Lower  Bagshot  by 
the  absence  of  the  extensive  pipe-clay  deposits  and  the  presence  of 
brick-earths,  and  from  the  overlying  beds  by  the  absence  of  flints. 
They  reach  their  extreme  limit  in  the  western  area  of  the  London 
basin,  and  are  represented  by  the  lignitic  beds  19-24  of  Prof.  Prest- 
wich's  section.  Lignites  can  be  traced  partly  across  the  bay.  The 
cliffs  present  an  obhque  section  across  a  delta  divisible  roughly  into 
four  masses,  one  of  which,  from  its  confused  bedding  and  want  of 
fossils,  is  su])po3ed  to  have  been  formed  by  the  silting-up  of  the  main 
channel.  The  total  thickness  of  the  series  was  estimated  at  600  to 
700  feet.  The  inferences  dra^vn  by  the  author  were  as  follows : — 
1.  from  the  beds  cut  through  showing  a  steep  side  to  the  west, 
that  the  river  flowed  from  that  direction ;  2.  from  the  absence  of 
boulders  or  coarse  sediment,  that  the  area  was  flat ;  3.  fi'om  the 
absence  of  lignite,  that  there  were  catchment  basins ;  -i.  from  the 
absence  of  flint  and  the  quartzose  nature  of  the  beds,  that  no  chalk 
escarpments  were  cut  through,  and  that  the  deposits  came  from  a 
granitic  area ;  and  5.  from  the  presence  of  wood  bored  by  Teredo 
that  the  beds  belong  to  the  lower  part  of  the  river  in  proximity  to 
tidal  water. 

The  flora  was  stated  to  be  confined  to  local  patches  of  clay.  Those 
at  the  western  end  of  the  section  are  very  rich,  and  distinguished 
from  the  rest  by  absence  of  palms  and  rarity  of  ferns.  The  beds 
near  Bourncmo;ith  are  still  richer  and  very  distinct ;  those  east  of 
Bournemouth  are  characterized  by  Eucalypti,  Aroids,  auA.  Araucarite; 
and  those  at  the  western  end  of  the  section  by  abundant  Polypo- 
diaceoe.  It  is  remarkable  that  nearly  every  patch  contains  a  flora 
almost  peculiar  to  it ;  but  the  flora  as  a  whole  seems  to  pass  upward 
to  the  Oligocene,  but  not  down  to  the  Lower  Bagshot. 
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NOTE  BY  DR.  C.  R.  ALDER  WRIGHT  ON  MR.  SHIDA's  PAPER  "  ON 
THE  NUMBER  OF  ELECTROSTATIC  UNITS  IN  THE  ELECTROMAG- 
NETIC UNIT,"  AND  ON  HIS  RECENT  NOTE  THEREON. 
nnilE  note  by  Mr.  R.  Sliida,  in  the  June  Number  of  the  Philoso- 
-'-  phical  Magazine  (p.  473),  calls  for  some  remark,  in  view  of  the 
great  interest  and  importance  attaching  to  the  exact  valuation  of 
the  different  electrical  magnitudes  and  their  correlations.  Mr. 
Shida  stated,  in  his  original  paper*,  that  he  measured  the  E.M.F. 
of  a  gravity  Daniel!  cell  electromagnetically  by  determining  the 
current  generated  by  it  in  a  circuit  the  total  resistance  of  which 
(inclusive  of  the  internal  resistance  of  the  cell)  was  measured,  the 
product  of  the  current  into  the  resistance  being  the  required 
E.M.F. ;  also  that  he  compared,  by  means  of  a  quadrant  electro- 
meter, the  E.M.F.  of  the  gravity-cell  with  that  of  a  3U-cell  Daniell 
battery,  which  had  been  just  measured  by  means  of  an  absolute 
electrometer — this  electrostatic  valuation  being  made  just  before, 
and  also  just  after,  the  electromagnetic  valuation.  [It  is  noticeable, 
in  passing,  that,  through  an  obvious  slip  in  copying  his  results,  Mr. 
Shida  gives  in  each  of  the  papers  the  electrostatic  E.M.F.  of  the 
SO-cell  battery  as  0-9U-4i87  C.G.S.  units,  and  that  of  the  gravity- 
cell  as       ^    ^^     =0-034381  C.G.S.  units,  instead  of  only  one  tenth 

of  these  quantities  in  each  case  respectively ;  otherwise  the  final 
value  of  V  deduced  would  be  only  one  tenth  of  the  quantity  found.] 
In  his  recent  note,  Mr.  Shida  says  that  he  omitted  to  state  in  the 
original  paper  that  the  electrostatic  valuation  depended  upon  by 
him  was  made  "  tvhile  the  current  ivas  actuulhj  jloivlng  through  the 
tangent-galvatiometer"  as  it  was  during  the  electromagnetic  valua/- 
tion ;  and  he  consequently  infers  that  he  eliminated  the  possible 
source  of  error  incidentally  suggested  by  me  (whilst  discussing  the 
subject  of  "polarization"  of  so-called  constant  batteries)  as  exist- 
ing in  his  experiments,  due  to  the  E.M.F.  of  the  cell  during  the 
electi'omagnetic  valuation  whilst  a  current  was  passing  not  being 
identical  with  that  subsisting  during  the  electrostatic  valuation 
made  (as  would  be  naturally  supposed  on  reading  his  paper)  when 
no  current  was  passing. 

It  is  noteworthy,  however,  that  in  striving  thus  to  avoid  the 
Scylla  of  possible  error  through  battery-polarization,  Mr.  Shida  has 
fallen  into  the  Charybdis  of  a  yet  more  serious  error,  due  to  the 
circumstance  that  the  potential  difference  registered  by  a  quadrant- 
electrometer  to  which  a  cell  is  applied  is  not  the  E.M.F.  of  that  cell 
if  it  generate  a  current,  but  is  something  less.  That  this  is  so,  is  mani- 
fest from  the  following  considerations.  Let  the  actual  E.M.F.  of 
the  cell  be  E^  and  the  E.M.F.  obtained  by  the  quadrant-electro- 
meter be  E.^.  Let  C  be  the  current  generated,  K^  the  internal 
resistance  of  the  cell,  and  E.^  the  external  resistance  of  the  rest  of 

E 

the  circuit.     Then  C=  -p    ,'t^  .     The  total  work  \^-hich  this  current 

■Kj  +  i^a 
*  Phil.  Maj.  Dec.  1880,  p.  431 ;  also  Brit.  ^Vssuc.  Keports,  1880,  p.  497. 
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does  in  the  circuit  in  a  time  t,  is  C"(Ej+E.2)i ;  o£  which  an  amount 
C'Rji  is  done  inside  the  cell,  and  the  balance  C'E../  outside.  This 
latter  amount  is  necessarily  equal  to  the  product  of  the  quantity  of 
electricity  passing.  Ct,  into  the  difference  of  potential  between  the 
ends  of  the  external  resistance,  which  latter  quantity  is  E^ ;  that  is, 

Hence  e,=CE,  =  -^E,; 

or,  E,  is  less  than  E^  by  an  amount  which  is  the  greater  the  larger 
is  Ej' in  reference  to  E,, :  if  Ei  =  E.,,  E._,  =  |E^.  In  Mr.  Shida's 
experiments  Ej  was  2-02  ohms,  whilst  E^  was  successively  80*86, 
110"86,  and  130*86  ohms,  averaging  107*53  ohms.  The  mean 
electrostatic  value  obtained  by  3Ir.  Shida  was  consequently  nearly 
2  per  cent,  too  small ;  so  that  the  value  of  v  finally  deduced  by  divi- 
ding the  electromagnetic  value  by  the  electrostatic  value  must  have 
been  just  as  much  in  excess  of  the  truth. 


THE  PHENOMENON  CALLED  THE  "  CRY  OF  TIN." 
BY  J.  C.  DOUGLAS. 

If  a  piece  of  tin  be  bent  it  emits  a  sound ;  this,  being  regarded 
as  a  property  peculiar  to  tin,  has  been  termed  "  the  cry  of  tin." 
This  phenomenon  is  explained  by  the  peculiar  crystalHne  structure 
of  the  metal.  If  the  explanation  be  the  true  one,  then  other  metals 
which  are  obviously  crystalline  in  sti'ucture  should  also  exhibit  the 
phenomenon  under  favourable  conditions.  But  it  is  exceedingly 
difficult  to  place  other  metals  in  a  crystalline  state  under  proper 
conditions ;  e.  g.  cast  iron  and  cast  zinc  in  thin  rods  break  before 
they  can  be  bent  sufficiently  to  emit  audible  sounds,  while  rolled 
zinc  has  had  its  crystalline  structure  destroyed  by  rolling,  and  so  is 
not  in  a  condition  to  emit  sound  when  bent.  Eolled  zinc  is  very 
tough  as  compared  with  cast  zinc ;  and  its  fracture  is  not  crystal- 
line, but  of  an  even  fine-grained  bluish  tint  destitute  of  the  brilliant 
lustre  presented  by  this  metal  in  a  crystalline  state.  If,  however, 
a  piece  of  rolled  zinc  be  heated  for  a  few  minutes  to  a  temperature 
somewhat  below  its  melting-point,  the  metal  becomes  much  less 
tough,  and  its  fracture  is  decidedly  crystalline.  On  bending  a 
piece  of  zinc  so  treated  it  emits  a  sound  weaker  than,  but  of  the 
same  nature  as,  the  sound  emitted  by  tin.  Cast  zinc  cannot  be  bent 
readily  ;  hut  if  it  be  pinched  between  the  teeth  or  with  pliers  it 
emits  the  sound  distinctly. 

It  appears,  therefore,  that  the  cry  of  tin  is  due  to  crystalline 
structure,  that  it  is  not  characteristic  of  tin  as  generally  accepted, 
but  may  be  emitted  by  zinc  and  probably  by  other  metals  when 
crystalline  in  structure ;  that  rolling  in  the  case  of  tin  and  zinc, 
and  probably  in  other  cases,  destroys  the  property  with  the  altera- 
tion of  texture  ;  that,  in  the  case  of  zinc  which  has  been  rolled,  the 
crystalline  texture  may  be  produced  without  melting  the  metal 
but  by  merely  heating  it,  and  this  is  so  readily  done  that  it  affords 
a  ready  illustration  of  the  effects  of  high  temperature  on  rolled 
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metal.  If,  as  supposed,  this  sound  is  characteristic  of  the  crystal- 
line structure  of  metals,  it  may  afford  a  means  of  great  practical 
use,  whereby,  by  the  sound  a  metal  emits,  we  may  draw  conclusions 
as  to  its  texture,  and  hence  its  htness  for  certain  purposes ;  or  by 
tlie  sound  emitted  by  a  beam  when  bent  we  may  draw  conclusions 
as  to  its  safety,  the  microphone  or  other  appliance  being  called  in 
to  aid  us  where  the  sounds  are  exceedingly  weak. — Frocenlin'js, 
Asiatic  Society  of  Bcmjal,  February  ISSl ,  coinmuniaited  by  the  Author. 


DISCUSSION  OF  THE  THEORY  OF  THE  THREE  FUNDAMENTAL 
COLOUR-SENSATIONS.      BY  A.  ROSENSTIEHL. 

The  notion  of  the  three  fundamental  colour-sensations  arose 
from  the  study  of  the  properties  of  the  eye  which  is  imperfectly 
organized  in  regard  to  the  perception  of  colours.  The  theory  which 
connects  the  observed  phenomena  leads  to  an  hypothesis  ou  the 
structure  of  the  normal  eye. 

But  since  Maxwell's  experiments*  on  the  solar  spectrum,  more 
than  twenty  years  since,  this  subject  has  not  again  been  the  object 
of  any  investigation,  the  experimental  method  for  studying  the 
laws  of  colour-vision  upon  the  noimal  eye  being  wanting.  By 
determining,  with  the  aid  of  rotating  disks,  the  distribution  of  the 
complementary  colours  in  a  chromatic  circle,  I  believe  I  have  sup- 
plied that  deficiency.  The  position  of  the  three  colours  correspond- 
ing to  Toung's  fundamental  sensations  has  been  thereby  deter- 
mined with  much  more  precision  than  was  hitherto  possible. 
Young's  theory  receiving  from  this  fact  a  support  which  takes  it 
out  of  the  domain  of  hypothesis,  it  has  appeared  to  me  useful  to 
discuss  its  consequences,  and  to  point  out  those  which  are  sus- 
ceptible of  exact  experimental  A-eriiJ cation.  It  will  follow  from  this 
discussion,  on  the  one  hand,  that  certain  properties  attributed  to  the 
primary  colours  do  not  belong  to  them  exclusively,  and,  on  the  other, 
that  their  true  distinctive  character  has  not  yet  been  enunciated. 

The  primary  colours  (that  is,  those  corresponding  to  the  funda- 
mental sensations)  possess,  by  their  very  definition,  the  following 
properties  : — 

1.  On  beiny  mLved  tiuo  by  two,  they  produce  all  the  colours  percep- 
tible to  our  eye. 

This  property  belongs  to  all  the  colours  which  are  not  comple- 
mentary; but  at  the  same  time  the  sensation  of  white  will  be 
produced  ;  so  that  the  following  limiting  condition  must  be  added : — 

Thci/  produce  at  the  same  ti)ne  the  sensation  of  white  in  a  less  deyrce 
than  the  other  colours. 

I  have  already,  indirectly,  made  use  of  this  very  important 
character t.  Its  experimental  verification,  however,  presents  great 
practical  difficulties,  because  the  quantity  of  white  light  emitted  by 
a  coloured  surface  cannot  be  measured  with  precision.  It  would 
be  necessary  to  execute  a  chromatic  circle  with  all  its  colours  of 

*  Proc.  Hoval.  Soc.  vol.  x.  pp.  ^J04-400  (18G0). 

t  Comptes  Rendus,  t.  xcii.  p.  3-37;  Phil.  Mag.  April  1881,  p.  305. 
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equal  intensity  and  emitting,  under  equal  illumination,  the  same 
amount  of  white  light.  The  circle  with  which  I  have  worked  does 
not  possess  these  qualities  ;  and  I  have  renounced  taking  this  course ; 
moreover  the  difficulty  can  be  easily  turned. 

2.  The  sensation  of  pure  tvhite  results  from  the  equal  excitation  of 
the  three  fundamental  sensations. 

Each  of  these  colours  has  for  its  complement  the  mixture  of  the 
other  two  at  equal  intensity. 

The  graphic  construction  representing  the  whole  of  the  'percep- 
tible colours  usually  takes  the  form  of  an  equilateral  triangle,  the 
vertices  of  which  are  occupied  by  the  primary  colours.  The  corre- 
sponding complementary,  \\  hich  is  always  a  binary  colour,  is  placed 
in  the  middle  of  the  opposite  side.  All  the  other  binary  colours 
have  their  places  also  on  the  sides  of  the  triangle,  so  that  the  two 
complementaries  are  situated  at  the  two  extremities  of  a  straight 
line  passiug  through  the  point  of  intersection  of  the  median  ones. 

The  properties  above  enunciated,  and  the  consequences  I  have 
enumerated,  and  which  are  admitted,  are  not  characteristic  of 
the  primary  colotirs  ;  they  belong  to  an  indefinite  number  of  colours, 
on  the  condition,  however,  that  they  be  selected  according  to  a  cer- 
tain rule.  An  assemblage  of  three  colours  possessing  this  property 
I  call  a  tHad.  In  the  equilateral  triangle  above  described  the 
secondary  triads  uill  he  represented  by  all  the  equilateral  triangles 
which  can  be  inscribed  in  it.  The  smallest  of  these  trLingles  is  that 
formed  by  the  triad  of  the  complementaries  of  the  primary  colours. 
To  each  secondary  triad  corresponds  in  like  manner  a  triad  com- 
posed of  complementary  colours  ;  and  as  we  can  choose  them  as 
near  together  as  we  please,  there  is  really  no  limit  to  their  number. 
The  distribution  of  the  complementary  colours  in  a  triad  is  suscep- 
tible of  experimental  verification  ;  and  I  shall  have  occasion  to  revert 
to  it. 

It  is  expedient  to  add,  as  a  corollary,  that  three  colours  not  con- 
stituting a  triad  may  still  by  their  mixture  produce  the  sensation 
of  white ;  but  this  sensation  no  longer  results  from  their  mixture 
in  equal  quantities.  It  follows  that,  in  the  graphic  construction, 
their  complements  are  then  not  situated  in  the  middle  of  the  oppo- 
site side.  This  point,  hke  the  preceding,  has  been  verified  experi- 
mentally. 

I  now  come  to  an  essential  character.  If,  in  an  eqtiilateral 
triangle,  each  vertex  be  joined  to  the  middle  of  the  opposite  side,  it 
will  be  divided  into  six  equal  right-angled  triangles.  The  colours 
included  in  two  of  these  triangles  with  their  vertices  opposed,  are 
reciprocally  complementary. 

Given  the  distance  5  of  a  binary  colour  at  the  vertex  of  the  equi- 
lateral triangle,  the  position  of  the  complementary  colour  will  be 
given  by  the  distance  x  which  separates  it  from  the  corresponding 
vertex,  which  distance  is  represented  by 


'  sin  (30" -f- a)' 
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a  formula  in  which  c  is  constant  and  a  the  angle  formed  by  the 
straight  line  joining  the  two  complementary  colours  to  the  corre- 
sponding median  line  :  a  is  moreover  obtained  from  the  equation 

6  =  ctan  a. 
The  discussion  of  tliis  equation  shows  that,  as  soon  as  a  exceeds 
45^,  h  increases  much  more  rapidly  than  x.  From  this  it  follows 
that  the  colours  situated  in  the  vicinity  of  a  vertex  will  occupy  in 
the  construction  a  larger  space  than  their  complementaries,  which 
are  found  all  assembled  towards  the  middle  of  the  opposite  side. 
That  is  to  say,  the  colours  situated  on  both  sides  of  a  primary  colour, 
and  ivhich  to  the  ei/e  are  equidistant,  have  their  complementaries  so  close 
to  one  another  that  it  becomes  diJJ^cult  to  distinguish  those  tvhich  are 
consecutive. 

This  reraai'kable  character  is  that  which  constitutes  the  funda- 
mental propei'ty  of  the  primary  triad.  It  was  this  phenomenon 
that  attracted  my  attention  when  studying  the  distribution  of  the 
complementary  colours  in  a  chromatic  circle.  It  has  not,  there- 
fore, to  be  verified  experimentally  ;  thanks  to  it,  I  have  been  able 
to  fix  the  position  of  the  primary  colours  within  very  narrow 
limits  ;  and  it  only  remains  for  me  to  prove  that  within  those  limits 
there  are  three  colours  possessing  the  characters  of  a  triad.  This 
I  will  do  soon,  by  showing  that  they  obey  the  law  of  the  comple- 
mentary colours*  which  I  have  formulated  above. 

The  cycle  of  the  demonstrations  will  then  be  closed  ;  all  the 
proofs,  SATithetic  and  analytic,  will  then  have  been  given  ;  and  the 
accordance  between  the  results  of  experiment  and  that  of  calcula- 
tion will  be  such  that  Young's  theory  may  be  regarded  as  established 
on  solid  scieutific  foundations. — Comptes  llendus  de  VAcademie  des 
Sciences,  May  30,  1881,  t.  xcii.  pp.  1286-1289. 

*  Von  Bezold  (PoggendorfTs  Annakn,\o\.  cl.  p.  71,  1873),  believes  he 
has  given  the  mathematical  law  of  the  complementary  colours.  He  has 
taken  as  his  experimental  starting-point  the  investigation  made  by  Ilelm- 
holtz  of  the  distribution  of  those  complementary  colours  in  tlie  spectrum. 
Unfortunately  he  has  not  been  able  to  avoid  a  confusion  which  moreover 
exists  in  all  the  special  treatises,  and  which  is  rendered  so  easy  by  the 
usual  language  referring  to  the  colours. 

He  introduces  into  liis  calculations  two  absolutely  heterogeneous  data. 
One  is  the  number  of  vibrations  representing  a  colour — a  value  of  a  purely 
phj'sical  order,  and  independent  of  the  properties  of  the  eye;  the  other  is 
the  law  of  the  mixture  of  colours,  tlie  hypothesis  of  Young,  the  notion  of 
the  complementary  colours — a  notion  essentially  physiological,  since  it 
depends  on  the  structure  of  the  eye,  and  varies  according  as  the  latter  is 
or  is  not  normally  constituted.  The  results,  too,  obtained  by  von  Eezold 
present  sensible  discrepancies  with  experiment;  but  he  attributes  to  the 
perturbations  induced  by  the  fluorescence  of  the  media  of  the  eye  the 
want  of  agreement  which  he  necessarily  found. 

The  number  of  vibrations  cannot  have  anj'  meaning  in  the  present  case, 
unless  employed  simply  as  a  means  of  nomenclature  of  the  colours  and 
not  as  a  mathematical  value  to  be  introduced  into  the  calculations.  The 
colours  chosen  by  von  Bfzold  as  primary  ai-e  also  very  far  from  possessmg 
the  properties  of  the  fundamental  sensations. 
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X.  On  the  Electromagnetic  Theory  of  Light.  By  LoRD 
Rayleigh,  F.R.S.,  Professor  of  Experimental  Physics  in 
the  University  of  Cambridge* . 

ri'lHE  claims  of  the  tLeory  propounded  by  Maxwell,  accord- 
-L  iucr  to  which  light  consists  of  a  disturbance  in  a  medium 
susceptible  of  dielectric  polarization,  are  so  considerable  that  it 
is  desirable  to  extend  its  application  as  far  as  possible  to 
various  optical  phenomena.  The  question  of  the  velocity  of 
propagation  in  vacuum  and  in  singly  or  doubly  refracting 
transparent  dielectrics  was  considered  by  Maxwell  himself; 
and  the  agreement  with  experiment,  though  ftxr  from  perfect, 
is  sufficiently  encouraging.  More  recently  it  has  been  shown 
by  Helmholtzf,  Lorentz|,  Fitzgerald  §,  and  J.  J.  Thomson  ||, 
that  the  same  theory  leads  to  Fresnel's  expressions  for  the 
intensity  of  light  reflected  and  refracted  at  the  surface  of  sepa- 
ration of  transparent  media,  and  that  the  auxiliary  hypotheses 
necessary  in  this  part  of  the  subject  agree  with  those  required 
to  explain  the  laws  of  double'  refi\action.  In  this  respect  the 
electromagnetic  theory  has  a  marked  advantage  over  the  older 
view,  which  assimilated  luminous  vibrations  to  the  ordinary 
transverse  vibrations  of  elastic  solids.  According  to  the  latter, 
Fresnel's  laws  of  double  refraction,  fully  confirmed  by  modern 

*  Communicated  by  the  Author. 

t  Crelle,  Bd.  Ixxii.,  1870.  |  Schlomilch,  xxii.,  1877. 
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observation*,  require  us  to  suppose  that  in  a  doubly- refracting 
crystal  the  rigidity  of  the  medium  varies  with  the  direction  of 
the  strain;  while,  in  order  to  explain  the  facts  relating  to  the 
intensities  of  reflected  light,  we  have  to  make  the  inconsistent 
assum})tion  that  the  rigidity  does  not  vary  in  passing  from 
one  medium  to  another.  A  further  discussion  of  this  subject 
will  be  found  in  papers  published  in  the  Philosophical  Maga- 
zine during  the  year  1871. 

If  the  dielectric  medium  be  endowed  with  sensible  conduc- 
tivity, the  electric  vibrations  will  be  damped ;  that  is  to  say, 
the  light  will  undergo  absorption,  Avith  a  rapidity  which  Max- 
well has  calculated.  By  supposing  the  conductivity  to  be  so 
great  that  practically  complete  absorption  takes  place  within 
a  distance  comparable  with  the  wave-length,  we  may  obtain  a 
theory  of  metallic  reflection  which  is  not  without  interest, 
although  the  phenomena  of  abnormal  dispersion  show  that  it 
cannot  be  regarded  as  complete. 

For  an  isotropic  medium  at  rest  we  have  the  equations 
(Maxwell's  'Electricity  and  Magnetism/  §§  591,598,007, 
610,  611) 

'i=P+'£,^c.,  (1) 

/=4^P.&^-. (2) 

i?  =  CP,  (tc, (3) 

""^I^^l^^^'-' ^^) 

a  =  fjLu,  &c., (6) 

*— 1-1'*-^ w 

in  which  /,  (j,  h  are  the  electric  displacements,  p,  q,  r  the 
currents  of  conduction,  n,  v,  ic  the  total  currents,  P,  Q,  R  the 
components  of  electromotive  force,  K  the  specific  inductive 
capacit}",  C  the  conductivity,  a,  /3,  7  the  components  of  mag- 
netic force,  a,  h,  c  the  components  of  magnetization,  fi  the 
magnetic  capacity,  F,  G,  H  the  components  of  electrokinetic 
momentum,  and  "^  the  electric  jjotential. 

♦  Glazebrook,  Phil.  Trans.  1879. 
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From  (2),  (4),  and  (5)  we  get 

,     (d    f        d    q\  d  {d¥      f?G\       dc    .  ,Q. 

In  the  case  of  K  constant,  equation  (8)  expresses  that  the 
electric  displacement  \{f\Lv  +  gdy)  round  a  small  circuit  in 
the  plane  of  xy  corresponds  to  the  electromotive  force  round 
the  circuit,  represented  by  del dt. 

Again,  from  (1),  (2),  (3),  (6),  (7), 

.     (df  ,  47rC   .\       d   c       d    h  n  .f,\ 

\dt        K  ^  /      dy  fi      dz  fj,  ^  ^ 

From  equations  (8)  and  (9)  the  problem  of  reflection  can  be 
investigated.  In  order  to  limit  ourselves  to  plane  waves  of 
simple  type,  we  shall  suppose  that  K,  fi,  and  C  are  indepen- 
dent of  *-,  and  that  the  electric  and  magnetic  functions  are  inde- 
pendent of  z  and  (as  dependent  upon  the  time)  proportional  to 
e'"^.  The  two  principal  cases  will  be  considered  separately, 
(1)  when  the  electric  displacements  are  perpendicular  to  the 
plane  of  incidence,  ^2)  when  they  are  executed  in  that  plane. 
Case  1.  This  is  defined  by  the  conditions 

/=0,     ^  =  0,  and  (accordingly)  c  =  0. 
Thus 

ina=- — 47r-^  =f?:,     inh=-^'rr-r  =f^,       .     .     (10) 
dij  K'  dx  K'  ^     ^ 


47rl 


/.    ,  47rU\,       d    b       da  .^^. 

\           K  /         dx  ft      dy  fi  ^     ' 
Eliminating  a  and  h  from  (10)  and  (11),  we  get 

d  n   d\h        d /I  d\h       ,     {       .   47rC\A  nno\ 

Case  2.  Here  the  special  conditions  are 

h  =  0,     a=0,     6  =  0. 
We  have 

mK-s-K)=""'' <;"> 

-('■- '-^> US)'  *'(•■'- ^)^=-.^(^)^  (1*) 

whence  by  elimination  of/  and  g, 

±{ I IMl 

dx\  K7i-(l~47rn-iCK-i)  dx\fi)  / 

G2 


//      ,  1  d  /h\ 

,,   and        ,-  I  v^  I 
fj,  dx  \K/ 
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Equations  (12)  and  (15)  simplify  considerably  in  their  ap- 
plication to  a  unitbrni  medium,  assuming  the  common  ibrm 

i^+^, +,,2  K(i_4^„CK-')  =  0.      .     (16) 
dx'      dij-  ^  ' 

To  express  the  boundary  conditions  let  us  suppose  that  .f  =  0 
is  the  surface  of  transition  between  two  uniform  media.  From 
(12)  we  learn  that  the  required  conditions  for  case  1  are  that 

// 

K  p. 

must  be  continuous. 

In  like  manner,  for  case  2  we  see  from  ( 1 ,'))  tliat 

-  and  K(l-47ru-'CK-»)5:^V/ 

must  be  continuous. 

If  the  media  are  transparent,  or  but  moderately  opaque,  we 
have  to  put  (^  =  0.     The  differential  equation  is  of  the  form 

~+^.+n''fiK  =  0 (17) 

ax-      dy  ' 

In  case  1  the  boundary  conditions  are  the  continuity  of  the 

dependent  variable  and  of — ;-,  and  in  case  2  the  continuity 

of  the  dependent  variable  and  of  ^v  v-_>      Analytically,  the 

results  are  thus  of  the  same  form  in  both  cases.  If  0  and  ^i 
are  respectively  the  angles  of  incidence  and  refraction,  the  ratio 
of  the  reflected  to  the  incident  vibration  is  in  case  1 


tan  ^1       yL4 

iy^) 


and  in  case  ^ 


tan  B  fjL^ 

tan  6^  fj, 

tan  6  fii 

tan  6i  K 

tan  0  Ki 

tan  ^,  K' 


(lil) 


+ 


tan  6       Ki 


in  which  K,  fx  relate  to  the  first,  and  K,,  yu,  to  the  second 
medium ;  while  the  relation  between  0^  and  0  is 

Ki/ix:K/x=sin-^:sin-^, (20) 

As  Helmholtz  has  remarked,   Fresnel's  formuhc  may  be 
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obtained  on  two  distinct  suppositions.     If  /J'i=fJ" 


md 


^^^^  -  sin(^,  +  ^)' 
taiKf^). 


but  if  Ki  =  K,  then  (19)  identifies  itself  with  the  sine-formula, 
and  (18)  Avith  the  tangent-formula.  Electrical  phenomena, 
however,  lead  us  to  prefer  the  former  alternative,  and  thus  to 
the  assumption  that  the  electric  displacements  are  perpendi- 
cular to  the  plane  of  polarization.  The  formuke  for  the 
refracted  waves,  which  follow  from  those  of  the  reflected  waves 
in  virtue  of  the  principle  of  energy  alone,  do  not  call  for  de- 
tailed consideration. 

In  the  problem  of  perpendicular  incidence,  we  have  from 
(12),  if /i  be  constant  and  C  zero. 


dx'  K  "^ 


nVK(|)=0 (21) 


For  an  application  of  this  equation  to  determine  the  influence 
of  defective  suddenness  in  the  transition  between  two  uniform 
media,  the  reader  is  referred  to  a  paper  in  the  eleventh  volume 
of  the  Proceedings  of  the  Mathematical  Society. 

In  order  to  obtain  a  theory  of  metallic  reflection,  C  must  be 
considered  to  have  a  finite  value  in  the  second  medium.  The 
symbolical  solution  is  not  thereby  altered  from  that  applicable 
to  transparent  media,  the  effect  of  the  finiteness  of  C  being 
completely  represented  in  both  cases  by  the  substitution  of 
K(l  — i47r?iCK~')  for  K.  Thus,  if /a  be  constant,  the  formula 
for  the  amplitude  and  phase  of  the  reflected  wave  in  case  1  is 
to  be  found  by  transformation  of  (18),  in  which  the  imaginary 
angle  of  refraction  Oi  is  connected  with  0  by  the  relation 

Ki(l  -  ilTT/iCKr')  :  K=  sin-  6  :  sin-  d^.     .     .     {22) 

In  like  manner  the  solution  for  case  2  is  to  be  found  by  trans- 
formation of  (19)  under  the  same  supposition. 

With  regard  to  the  proposed  transformations,  the  reader  is 
referred  to  a  paper  by  Eisenlohr*  and  to  some  remarks  there- 
upon by  myselff.  The  results  are  the  formulae  published 
without  proof  by  Cauchy.  From  the  calculations  of  Eisenlohr 
it  appears  that  Jamin's  observations  cannot  be  reconciled  with 
the  formulae  without  supposing  Kj  :  K,  i.  e.  the  real  part  of 
the  square  of  the  complex  refractive  index,  to  be  negative — a 

*  Pogg.  Ann.  t.  civ.  p.  368.  t  Phil.  Mag.  May  1872. 
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further  proof  that  much  remains  to  be  done  before  the  elec- 
trical theory  of  metallic  reflection  can  be  accepted  as  complete*. 

The  same  fundamental  equations  (8)  and  (9)  will  now  be 
a])plied  to  the  problem  of  determinint^  the  effect  on  a  train  of 
plane  waves  of  a  small  variation  in  the  quantities  K  and  /i 
which  define  the  medium.  A  similar  method  will  be  adopted 
to  that  already  used  for  light  in  a  paper  "  On  the  Scattering 
of  Light  by  small  Particles '"f,  and  in  my  book  'On  the  Theory 
of  Sound,'  §  29G,  the  principle  of  which  consists  in  an  ap- 
proximation depending  upon  the  neglect  of  the  higher  powers 
of  the  small  variations  AK  and  A/x. 

Let  us  suppose  that  a  train  of  plane  waves,  in  Avhich  the 
electric  displacement  is  parallel  to  z,  and  magnetization  parallel 
to  i/,  propagates  itself  parallel  to  .r  undisturbed  until  it  falls 
upon  a  region  where  the  generally  constant  values  of  K  and 
yu,  become  K  +  AK  and  fi  +  A/x.  If  AK  and  A/j,  were  zero, 
the  wave  would  pass  on  as  before  ;  but  under  the  circum- 
stances secondary  waves  are  generated,  which  diverge  from 
the  region  of  disturbance,  and  are  ultimately,  when  AK  and 
A//,  are  small  enough,  proportional  in  magnitude  to  these 
quantities.  As  the  expression  of  the  primary  waves  we  may 
take 

/?o=e''''e''*',        (23) 

and  corresponding  thereto,  by  (8), 

/>o  =  47rA-n-'K-'e'"'e"^',    ....     (24) 

in  which,  if  X  denote  the  wave-length,  /L-  =  27r/\,  and  n/X  is 
the  velocity  of  propagation  (K/i)~^.  The  complete  values  of 
the  functions  being  represented,  as  before,  by/,  ^,  h,  a,  b,  c,  we 
shall  put 

/=/o  4-/1  +/.  + . .  •  &c.,     rt  =  flo  +  «i  +  • .  •  &c., 

/o . . .  flo  •  •  •  being   independent  of  AK  and  A//.,  /  . . .  aj . . . 
being  of  the  first  order,  f^. .  .a^.  ■ .  of  the  second  order,  and 
so  on,  in  these  quantities.      In  the  actual  case  /o,  Qq,  Qq,  Cq 
vanish,  and  only  h^  and  ?>o  '^^'C  finite. 
From  (8)  and  (9)  with  C  =  0,  we  get 

*  July  lo. — I  see  that  Lorentz,  in  a  pamplilet  Over  de  Theorie  der 
Tervrjkantsing  en  Brekinf/  van  het  Licht  (Arnhem,  1875),  has  developed  a 
theory  of  metallic  reflection  similar  to  tliat  indicated  in  the  text,  and  has 
noticed  the  same  difficulty  in  the  application  to  experiment. 

t  Phil.Mapr.  Jimel871. 
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W25) 


I    I 


dz 


dh      da         d  ,,  .    _..         ^^  /    a    -a     a       ^^^^ 

By  diflFerentiation  of  the  first  equation  of  (26)  and  substi- 
tution from  (25),  we  get,  having  regard  to 


dx      dxj      dz        ' 


(27) 


which  is  a  consequence  of  (1),  (3),  (7), 

^cV^f     cC-f  ,   d-f     d^f  ,^fd?    ,    d?\,..^   .. 

-K 


^'    (^AK-) -K-^  (MK-0 


diV  dij 


'  dx  dz 


or,  remembering  that  the  functions  as  dependent  upon  time 
vary  as  e'"*, 


vy+iy+K(|,+  *)(/AK-.) 


+  H|^|(.A^-.)-^;^.(6A,.-;=0,     (28) 

with  two  similar  equations  in  g  and  li. 

Introducing  now  the  expansion  in  poM'ers  of  AK  and  Ayot, 
we  get  as  the  first  approximation 
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or,  on  substitution  for  ho  in  terms  of  Iiq  from  (23),  (24), 

VV'i  +  ^-Vi -K^, (ho^K-^) -if^-f^~  (/'oA/.-')  =  0,  (29) 
and 

VV.  +  ^'V,-K^(/'oAK-')=0, (30) 

■\-ikfi^^{hL^-^)^Q.      .     .     .     (31) 
The  solution  of  (29)  is 

where  r,  equal  to  \/ {(«  —  .?•)" +  (/3—i/)'  + (7— c^)^},  is  the  dis- 
tance of  the  element  of  volume  dv  dy  dz  from  the  point  a,  /3, 7 
at  which /i  is  to  be  estimated. 

In  applying  (32)  to  the  calculation  of  a  secondary  wave  at 
a  distance  from  the  region  of  disturbance,  we  may  conveniently 
integrate  it  by  parts.     Thus, 


r^JIf"«^'^-^C-^')*'-<'^<'^- 


From  the  general  value  of  r, 
\  fe^\_y—ze-''"'(l 


d  fe'""'\_y-ze-'''Xl+ikr) 


re-"'^\_u-x  y—z  e-""-{6  +  '6ikr—k'r') 
dxdz\    r    J~      r         r  r^  '     '      \     ) 

If  r  be  sufficiently  great  in  comparison  with  X,  only  the  high- 
est power  of  h'  in  the  above  expressions  need  be  retained  ; 
and  if  r  be  also  great  in  comparison  with  the  dimensions  of 
the  region  of  disturbance,  supposed  to  be  situated  about  the 
origin  of  coordinates,  (a— .f),  ;•  &c.  may  be  replaced  by  a/r 
&c.     Thus, 

d  /'e-''"'\_y  ike-'''\ 
dz\   r    J      r      r 
d^     /e-''"-\  ay  k'^e-''"' 


dz 


dx\rJ  r'       r 
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and  the  expression  for/i  becomes 


•^»-47r?-L 


^'  ("k^J  j  \\h^^l\-'e-'''^d.vdydz 


will  write  this 


For  the  sake  of  brevity  we  will  write  this 
rher( 


P=  I  j  I  /ioAK-'e-''^--  (Af  d>i  dz, 

(36) 

C  t.   I. 

In  like  manner  from  (30)  and  (31), 

Equations  (35),  (37),  (38)  express  the  electric  displace- 
ment in  the  secondary  waves.  Since  «/+%  + 7/4  =  0,  the  dis- 
placement is  perpendicular  to  the  direction  of  the  secondary 
ray.  The  general  expression  for  the  intensity  is  found  by 
adding  the  squares  of/,  g,  h  ;  but  it  will  be  sufficient  for  our 
present  purpose  to  limit  ourselves  to  the  case  where  the  second- 
ary ray  is  perpendicular  to  the  primarv  rav,  /.  e.  to  the  case 
a  =  0/  Then 

/^+/  +  ^^=I^[k^P^^  +  A^^Q^^]-  •     •     (39) 

If  P  and  Q  are  both  finite,  there  is  no  direction  along  which 
the  secondary  light  vanishes.  We  find  by  experiment,  how- 
ever, that  the  light  scattered  by  small  particles  on  which  pola- 
rized light  impinges  does  vanish  in  one  direction  perpendicular 
to  the  original  ray ;  and  thus  either  P  or  Q  must  vanish.  Xow, 
when  the  particles  are  very  small,  we  have 

P  =  /io AK- •^-■^'■J y jV.i- dy dz,  Q  =  h^^|J,- ' e-'^-^\\yLv dy dz :   (40) 

so  that  if  P  vanishes,  AK  =  0:  and  if  Q  vanishes,  A/i  =  0. 
The  optical  evidence  that  either  AK  or  A/i  vanishes  is  thus 
very  strong;  while  electrical  reasons  lead  us  to  conclude  that 
it  is  A/i.. 

If  we  write  T  for  the  volume  of  the  small  particle,  we  get 
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from  (40),  as  the  special  forms  of  (35),  (37),  (38)  applicable 
to  this  case, 

•^        Vr  L  r'  rJ 

^,=  ^^,»'-^-[kAK-^], (42) 

A,=  g.M^-A-,[_KAK-»^/-'  +/^A/.-'"].      (43) 

If  A/i  =  0,  as  we  shall  henceforward  suppose,  /:^  =  «:/3, 
showing  that  the  electrical  displacement  is  in  the  plane  con- 
taining the  secondary  ray  and  the  direction  of  primary  elec- 
trical displacement  (z),  and 

so  that  the  intensity  is  proportional  to  the  square  of  the  sine 
of  the  angle  between  the  secondary  ray  and  the  direction  of 
the  primary  electrical  displacement.  The  blue  colour  of  the 
light  scattered  from  small  particles  is  explained  by  the  occur- 
rence of  X.-  in  the  denominators  of  the  expressions  t'ov  f\,gi,  hi; 
but  for  further  particulars  on  this  subject  the  reader  must  be 
referred  to  my  previous  papers. 

Equations  (35),  (36),  <fcc.  are  rigorously  applicable,  however 
large  the  region  of  disturbance,  if  the  square  of  AK  may 
really  be  neglected.  From  them  we  see  that,  under  the  cir- 
cumstances in  question,  each  element  of  a  homogeneous 
obstacle  acts  independently  as  a  centre  of  disturbance,  and 
that  the  aggregate  effect  in  any  direction  depends  upon  the 
phases  of  the  elementary  secondary  disturbances  as  affected  by 
the  situation  of  the  element  along  the  paths  of  the  primary 
and  of  the  secondary  light.     In  fact, 

P  =  AK-'e'"' JJj  e'^'^'-'^''  dx  dy  dz. 

If  6,  ^  be  the  angles  defining  (in  the  usual  notation)  the  direc- 
tion of  the  secondary  ray,  and  r^  correspond  to  the  origin  of 
coordinates,  we  have 

p_^J^-lgi(n<-fcro)rCrgii(*+*8inecos0+j/8inflsin?S+2rcosfl)^^.^y^2.  (44'\ 

and  the  question  now  before  us  for  consideration  is  the  value 
of  the  integral  in  (44)  as  dependent  upon  the  size  of  the 
obstacle  and  the  direction  of  the  secondary  ray.  It  is  evident 
that  the  formula}  are  applicable  only  when  the  whole  retarda- 
tion of  the  primary  light  in  traversing  the  obstacle  can  be 
neglected  in  comparison  with  the  wave-length  ;  but  if  this 
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condition  be  satisfied,  there  is  no  further  limitation  npon  the 
size  of  the  obstacle.  In  the  case  where  the  secondary  ray 
forms  the  prolongation  of  the  primary,  or  deviates  sufficiently 
little  from  this  direction,  the  exponential  in  (44)  reduces  to 
unity,  signifying  that  every  element  of  the  obstacle  acts  alike, 
any  retardation  of  phase  at  starting  due  to  situation  along  the 
primary  ray  being  balanced  by  an  acceleration  corresponding 
to  a  less  distance  to  be  travelled  along  the  secondary  ray.  At 
a  greater  or  less  obliquity,  according  to  the  size  of  the  obstacle, 
opposition  of  phase  sets  in;  and  at  still  greater  obliquities  the 
resultant  can  be  found  only  by  an  exact  integration.  Its  in- 
tensity is  then  less,  and  generally  much  less,  than  in  the  first 
case — a  conclusion  abundantly  borne  out  by  observation.        ^ 

The  simplest  example  of  this  kind  is  that  afforded  by  an 
infinite  cylinder  {e.  g.  a  fine  spider-line),  on  -which  the  light 
impinges  perpendicularly  to  the  axis,  so  that  every  thing 
takes  places  in  two  dimensions.  This  case  is  indeed  not 
strictly  covered  by  the  preceding  formulae,  on  account  of  the 
infinite  extension  of  the  region  of  disturbance;  but  a  moment's 
consideration  will  make  it  clear  that  each  elementary  column 
here  acts  according  to  the  laws  already  described — that  is  to 
say,  gives  rise  to  a  component  disturbance  whose  phase  is  de- 
termined by  the  situation  of  the  element  along  the  primary 
and  secondary  rays.  If  the  angle  between  the  two  rays  be 
called  X}  "^'^  have  to  consider  the  value  of 

ffgiArCjr+^cosx+y  sinx)  ^^r^.  df. 

Introducing  polar  coordinates  r,  6,  we  find 

x  +  xcosx+ysnix  =  2rcos^X  cos(^-ix)» 
so  that  the  integral 

~  JJ"  ^'^'^  •  2  CO"  2  X  •  cos  e ,.  dj,  ^0 

T 

{cos  (2kr  cos  ^ x  ^^^  ^) 

+  i  sin  (2kr  cos  ^ x  ^^s  6)  }  r  clr  clO 
=  27rj   Jo(2A)' cos  i  x) '■  ^^''j (^5) 

Jo  denoting  the  Bessel's  function  of  zero  order. 

The  integration  Avith  respect  to  r  indicated  in  (45)  can  be 
effected  by  known  properties  of  Bessel's  functions;  and  the 
result  is  expressible  by  a  function  of  the  first  order.     We  get 

^\      Ji(2A-acosix); (46) 

k  cos  i  % 


92  Lord  R;»yk'igli  on  the 

niul  Ji  is  defined  by 

If  cos^%  =  0  (?'.  e.  in  the  direction  of  original  propagation), 
(46)  becomes  ira'-,  every  element  of  the  area  acting  alike. 
This  is  the  maximnm  value.     When  ;;^  is  such  that 

2Art  co?,\x  —  '^  ^  1'2197, 

the  secondary  light  vanishes,  at  a  greater  angle  revives,  then 
vanishes  again,  and  so  on,  the  angles  being  of  course  func- 
tions of  the  Avave-length.  If  we  conceive  the  cylinder  to 
increase  in  size  gradually  from  zero,  the  scattered  light 
vanishes  first  in  the  backward  direction  %  =  0,  in  which  direc- 
tion evidently  the  greatest  dilferences  of  ])hase  occur.  Every 
thing  is  determined  by  the  course  of  the  function  J^;  and  (46) 
within  the  limits  of  its  application  embodies  the  theory  of 
-^.Young's  eriometer. 

We  will  now  consider  the  case  of  an  obstacle  in  the  form  of 
a  sphere.  If  z  be  a  coordinate  measured  j)erpcndicularly  to 
the  plane  containing  the  primary  and  secondary  rays,  formula 
(46),  multiplied  by  dz,  will  represent  the  effect  of  a  slice  o 
the  sphere,  whose  radius  is  a  and  thickness  dz,  and  what 
remains  to  be  effected  is  merely  the  integration  with  respect 
to  z.  For  this  purpose  avc  write  z  =  c  sin  ^,  rt  =  c  cos  ^,  where 
c  is  the  radius  of  the  sphere.     The  integral  then  takes  the  form 

^ -. —  I      J,(2Atcos^  YCOsd))cos- 0f/<i,        .     (48) 

A:cos^^  'o  " 

or,  if  we  expand  Jj  by  (47),  and  integrate  according  to  a 
known  formula, 

"~3~l         y^  7  .  5  . 4      "9.7.5  .4.6 

+  n.<j.7.X.476.8---J'  ^'^'*^* 

in  which  m  is  written  for  '2kcQ0i\X'  ^^  ^^'^^^  ^^  understood 
that  (49),  after  multiplication  ])y  e"''AK~',  gives  merely  the 
value  of  P  in  (36),  and  that  to  find  the  complete  expression 
for  the  secondary  light  in  any  direction  other  factors  must  be 
introduced  in  accordance  Avith  (35),  (37),  (38).     The  angle  ;!^, 

•  July  \'>. — I  find  for  the  first  root  of  (49),  »»  =  4-50,  giving  as  the 
suiallest' obliquity  (tt-x)  at  which  the  secondary  light  vanishes. 

7r-Y  =  2>^in-'(4-50'2itc). 
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being  that  included  between  the  secondary  ray  and  the  axis 
of  Xf  may  be  expressed  by 

i{nx=^{^''  +  r)-^r (50) 

Our  theory,  as  hitherto  developed,  shows  that,  whatever  the 
shape  and  size  of  the  particles,  there  is  no  scattered  light  in 
a  direction  parallel  to  the  primary  electric  displacements, 
except  such  as  may  depend  upon  squares  and  higher  powers 
of  the  difference  of  optical  properties.  In  order  to  render  an 
account  of  the  ''  residual  blue  "  observed  by  Tyndall  when 
particles  in  their  growth  have  reached  a  certain  magnitude,  it 
is  necessary  to  pursue  the  approximation.  By  (28),  with  A/z. 
neglected,  we  have 


V  V. + f^\h  -^  K  [^,  +  ^;)  CAAK-0 


Kcly 
'^'    (^,AK-0-K;^_(/.,AK-')  =  0,     (51) 


cLvdy^'^  dxdz 

and  two  similar  equations  in  (/o  and  ho-  On  the  supposition 
that/i,  Oj,  h^  are  known  throughout  the  region  of  disturbance, 
these  equations  may  be  solved  in  the  same  "way  as  (29),  (30), 
and  (31),  For  the  sake  of  brevity  we  may  confine  ourselves 
to  the  particular  direction  for  which  the  terms  of  the  first  order 
vanish.     Thus  at  a  sufficient  distance  r'  along  the  axis  of  z, 

./2=-^,fff/'iAK->.--^'-'J«c//3cZ7,       .     .     (52) 

«/  V  c- 

U^-=-^^j\\[9A^-'e-^'"dud^d^i,        .     .     (53) 

/'o  =  0 (54) 

We  have  now  to  find  the  values  of  j\  and  fji  -within  the 
region  of  disturbance,  to  -which  of  course  (35)  (fee.  are  not  ap- 
plicable. In  the  general  solution  (32),  //,,  is  a  function  of  x 
only  ;  so  that  the  elements  of  the  integral  vanish  in  the  intenor 
of  a  homogeneous  obstacle,  and  we  have  only  to  deal  -svith  the 
surface.     Integrating  by  parts  across  this  surface,  we  find 

C-  V   c^' 

K    d    CCCd  e-'^' 

= -  s  <s JJ J  r.  ^''«^K-) . '—  d.  <i,j  </.-,  (55) 

r  being  a  function  of  .i-  and  «  only  through  («  — .r).     In  like 
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manner 

In  the  case  of  a  small  homogeneous  sphere,  whose  centre 
is  taken  as  origin  of  coordinates,  these  formuhe  lead  to  fairly 
simple  results.  The  triple  integral  in  (55),  (5G)  may  readily 
be  exhibited  in  its  real  character  of  a  surface-integral.     Thus 

JjJ  ^,(/^oAK-0^  r/.fc/j/c/c=-AK-'  ((^^^dS,  (57) 

where  dS  is  an  element  of  the  surface  whose  radius  is  c.  This 
applies  to  a  sphere  of  any  size;  but  we  have  now  to  introduce 
an  approximation  depending  on  the  supposition  that  kc  is  small. 
As  far  as  the  first  power  of  kc, 

-AK-.JJ'^l^rfS=-AK-.  '^  U(i±i^-a..-)rfS 

in  which  the  double  integral  is  the  common  potential  of  matter 
distributed  over  the  spherical  surface  with  density  (z  +  ikzx). 
Calling  this  for  the  moment  Y,  we  have  (Thomson  and  Tait, 
'  Nat.  Phil.'  §  536)  at  any  internal  point  (a,  /3,  7), 

V  =  4:71  c(y  +  ^  ikyu) ; 
so  that 


m^- 


hoAK-')^^d.vdi/dz 


=  -47rAK-»e''''(7  +  ^?l7«).     .     (58) 
Thus  by  (55),  (56), 

/i=iKAK->%e'"',    ^1=0 (59) 

We  are  now  prepared  to  calculate /j,  <72  from  (52),  (53). 
These  formulae  apply  to  both  directions  along  the  axis  of  z; 
but  in  what  follows  it  will  be  convenient  to  suppose  that  it  is 
the  positive  direction  which  is  under  consideration.  In  this 
case,  if  p  denote  the  distance  from  the  centre  of  the  sphere, 
/=/3— 7  and  e~''"^=e~'^p(l+ik'y)  approximately;  so  that 

F(KAK-ov(»'-*p)rrr.,  ,,   .,  x ,  ,o , 


"^^-^^W"^ 


d^  dr. 
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(60) 


or  if,  as  before,  T  be  the  volume  of  the  sphere, 
ttT 

aV^ili  —  nfiji    IX   /\  |\  —  »  1-, 

15 
(72=0.  J 

Comparing  (60)  and  (41),  we  see  that  the  amplitude  of  the 
light  scattered  along  *  is  not  only  of  higher  order  in  AK,but  is 
also  of  the  order  k'c^  in  comparison  with  that  scattered  in  other 
directions.  The  incident  light  being  white,  the  intensity  of 
the  component  colours  scattered  along  z  varies  as  the  inverse 
8th  power  of  the  wave-length,  so  that  the  resultant  light  is  a 
rich  blue. 

There  is  another  point  of  importance  to  be  noticed.  Although 
when  the  terms  of  the  second  order  are  included  the  scattered 
light  does  not  vanish  along  the  axis  of  z,  the  peculiarity  is  not 
lost,  but  merely  transferred  to  another  direction.  Putting 
together  the  terms  of  the  first  and  second  orders,  we  see  that 
the  scattered  light  will  vanish  in  a  direction  in  the  plane  of  xz^ 
inclined  to  z  (towards  x)  at  a  small  angle  $,  such  that 


15        K    15 


(61) 


<" 


In  the  usual  case  of  particles  optically  denser  than  the  sur- 
rounding medium,  AK  is  positive,  from  which  we  gather  that 
the  direction  in  which  the  scattered  light  vanishes  to  the  second 
order  of  approximation  is 
inclined  backwards,  so  that 
the  anole  through  which 
the  light  may  be  supposed 
to  be  bent  by  the  action 
of  the  particle  is  obtuse. 

The  fact  that,  when  the 
primary  light  is  polarized, 
there  is  in  one  perpendi- 
cular direction  no  light 
scattered  by  very  small 
particles,  was  stated  by 
Stokes*;  but  it  is,  I  believe,  to  Tyndall  that  we  owe  the  obser- 
vation that  with  somewhat  larger  particles  the  direction  of 
minimum  illumination  becomes  oblique.  I  do  not  find,  how- 
ever, any  record  of  the  direction  of  the  obliquity  (that  is,  of 
the  sign  of  the  small  angle  6),  and  have  therefore  made  a  few 
observations  for  my  own  satisfaction. 

In  a  darkened  room  a  beam  of  sunlight  was  concentrated 

*  Phil.  Trans.  1852,  §  183. 
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by  a  large  Ions  of  2  or  3  foot  focus;  and  in  tlie  path  of  the  liulit 
was  placed  a  beaker  glass,  containing  a  dilute  solution  of  hy- 
posulphite of  soda.  On  the  addition  of  a  small  quantity  of 
dilute  sulphuric  acid  a  precipitate  of  sulphur  slowly  forms, 
and  during  its  growth  manifests  exceedingly  well  the  pheno- 
mena under  consideration.  The  more  dilute  the  solutions,  the 
slower  is  the  progress  of  the  precipitation.  A  strength  such 
that  there  is  a  delay  of  four  or  five  minutes  before  any  effect 
is  apparent,  will  be  found  suitable;  but  no  great  nicety  of  ad- 
justment is  necessary.  By  addition  of  ammonia  in  sufHcient 
quantity  to  neutralize  the  acid,  the  precipitation  may  be 
arrested  at  any  desired  stage.  More  time  is  thus  obtained  to 
complete  the  examination  ;  but  the  condition  of  things  is  not 
absolutely  permanent,  the  already  precipitated  sulphur  appear- 
ing to  aggregate  itself  into  large  masses. 

In  the  optical  examination  we  may,  if  we  prefer  it,  polarize 
the  primary  light;  but  it  is  usually  more  convenient  to  analyze 
the  scattei'cd  light.  In  the  early  stages  of  the  precipitation 
the  polarization  is  complete  in  a  perpendicular  direction,  and 
incomplete  in  oblique  directions.  After  an  interval  the  pola- 
rization begins  to  be  incomplete  in  the  perpendicular  direc- 
tion, the  light  which  reaches  the  eye  when  the  nicol  is  in  the 
position  of  minimum  transmission  being  of  a  beautiful  blue, 
much  richer  than  any  thing  that  can  be  be  seen  in  tlie  earlier 
stages.  This  is  the  moment  to  examine  Avhether  there  is  a 
more  complete  polarization  in  a  direction  somewhat  oblique  ; 
and  it  is  found  that  with  0  positive  there  is  in  fact  an  oblique 
direction  of  more  complete  polarization,  while  with  6  negative 
the  polarization  is  more  imperfect  than  in  the  perpendicular 
direction  itself. 

The  polarization  in  a  distinctly  oblique  direction,  however, 
is  not  perfect,  a  feature  for  which  more  than  one  reason 
may  be  put  forward.  In  the  first  place,  with  a  given  size  of 
particles,  the  direction  of  complete  polarization  indicated  by 
(Gl)  is  a  function  of  the  colour  of  the  light,  the  value  of  ^ 
being  three  or  four  times  as  large  for  tlie  violet  as  for  the  red 
end  of  the  spectrum.  The  ex})eriment  is,  in  fact,  much  im- 
proved by  passing  the  primary  light  through  a  coloured  glass 
held  in  the  window-shutter.  Not  only  is  the  oblique  direction 
of  maximum  polarization  more  definite  and  the  polarization 
itself  more  complete,  but  the  observation  is  easier  than  with 
white  light,  by  the  uniformity  of  the  colour  of  the  light  scat- 
tered in  various  directions.  If  we  begin  with  a  blue  glass,  we 
may  observe  the  gradually  increasing  obliquity  of  the  direction 
of  maximum  polarization;  and  then  by  exchanging  the  blue 
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glass  for  a  red  one,  we  may  revert  to  the  oriCTinal  condition  of 
things,  and  observe  the  transition  from  perpendieuhirity  to 
obhquity  over  again.  The  change  in  the  wave-length  of  the 
light  has  the  same  effect  as  a  chano^e  in  the  size  of  the  par- 
tides;  and  the  comparison  gives  curious  information  as  to  the 
rate  of  growth. 

But  even  with  homogeneous  light  it  would  be  unreasonable 
to  expect  an  oblique  direction  of  perfect  polarization.  So  long 
as  the  particles  are  all  very  small  in  comparison  with  the 
wave-length,  there  is  complete  polarization  in  the  perpendi- 
cular direction ;  but  when  the  size  is  such  that  obliquity  sets 
in,  the  degree  of  obliquity  will  vary  with  the  size  of  the  par- 
ticles, and  the  polarization  will  be  complete  only  on  the  very 
unlikely  condition  that  the  size  is  the  same  for  them  all.  It 
must  not  be  forgotten,  too,  that  a  very  moderate  increase  in 
dimensions  may  carry  the  particles  beyond  the  reach  of  our 
approximations. 

The  fiict  that  at  this  stage  the  polarization  is  a  maximum 
when  the  angle  throuorh  which  the  light  is  turned  exceeds  a 
right  angle  is  the  more  worthy  of  note,  as  the  opposite  result 
would  probably  have  been  expected.  By  Brewster's  law  this 
angle  in  the  case  of  a  plate  is  less  than  a  right  angle;  so  that 
not  only  is  the  law  of  polarization  for  a  very  small  particle 
different  from  that  applicable  to  a  plate,  but  the  first  effect  of 
an  increase  of  size  is  to  augment  the  dilFerence. 

We  must  remember  that  our  recent  results  are  limited  to 
particles  of  a  spherical  form.  It  is  not  difficult  to  see  that, 
for  elongated  particles,  the  terms  in  ( AK)-  may  be  of  the  same 
order  with  respect  to  he  as  the  principal  term ;  so  that  if 
(AK)"-  be  sensible,  mere  smallness  of  the  particle  will  not 
secure  complete  evanescence  of  scattered  light  along  z.  The 
general  solution  of  the  problem  for  an  infinitesimal  particle  of 
arbitrary  shape  must  raise  the  same  ditficulties  as  beset  the 
general  determination  of  the  induced  magnetism  developed  in 
a  piece  of  soft  iron  when  placed  in  a  uniform  field  of  force. 
In  the  case  of  an  ellipsoidal  particle  the  problem  is  soluble  ; 
but  it  is  perhaps  premature  to  enter  upon  it,  until  experiment 
has  indiciited  the  existence  of  phenomena  likely  to  be  explained 
thereby. 

For  an  infinitesimal  particle  in  the  form  of  a  sphere,  we  may 
readily  obtain  the  complete  solution  without  any  approxima- 
tion depending  upon  the  smallness  of  AK.  We  know  by  the 
analogous  theory  of  magnetism,  that  a  dielectric  sphere  situated 
in  a  uniform  field  of  electric  force  will  undergo  electric  dis- 
placement of  uniform  amount,  and  in  a  direction  parallel  to 
that  of  the  force.     Thus  the  complete  solution  applicable  to 
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an  infinitely  small  sphere  is  obtained  from  (29),  (30),  (31)  by 
■writing  li  for  li^-,  where  by  A  is  denoted  the  actual  displace- 
ment (parallel  to  z)  -svithin  the  particle,  and  by  /(q  the  displace- 
ment in  the  enveloping  medium  under  the  same  electric  force. 
If  K'  be  the  specific  inductive  capacity  for  the  particle,  the 
ratio  of  A  :  /<o  is  3K'  :  K'  +  2K  ;  and  in  this  ratio  the  results 
expressed  in  (41),  (42),  (43)  are  to  be  increased.  If  >ve 
extract  the  factors  KAK~'  which  there  occur,  we  get 


3K'     ^..,.   .       3K'K 


:^.KAK- 


/l       1\_      3(K^-K). 


so  that 

We  learn  from  (62)  that  our  former  result  as  to  the  eva- 
nescence of  the  secondary  light  along  z  is  true  for  an  infinitely 
small  spherical  particle  to  all  orders  of  AK. 

We  will  now  return  to  the  two-dimension  problem  with  the 
view  of  determining  the  disturbance  resulting  from  the  impact 
of  plane  waves  upon  a  cylindrical  obstacle  whose  axis  is 
parallel  to  the  plane  of  the  Avaves.  There  are,  as  in  the  pro- 
blem of  reflection  from  plane  surfaces,  two  principal  cases — 
(1)  when  the  electric  displacements  are  parallel  to  the  axis  of 
the  cylinder  taken  as  axis  of  z,  (2)  when  the  electric  displace- 
ments are  perpendicular  to  this  direction. 

Case  1. — From  (12),  with  C  =  0,  fji,=  constant, 

or  if,  as  before,  /i;  =  27r/\, 

in  which  k  is  constant  in  each  medium,  but  changes  as  we 
pass  from  one  medium  to  another.  From  (63)  we  see  that 
the  problem  now  before  us  is  analytically  identical  with  that 
treated  in  my  book  on  Sound,  §  343,  to  which  I  must  refer 
for  more  detailed  explanations.  The  incident  plane  waves  are 
represented  by 

pintpikx  __  pint  Jikr  cos  6 

=  e'"' {  Jo(Av)  +  2i Ji(A-r)  cos  ^  + . . .  +  2r J„,(/:r)  cos mO +  ...];   (64) 

and  we  have  to  find  for  each  value  of  m  an  internal  motion 
finite  at  the  centre,  and  an  external  motion  representing  a 
divergent  wave,  which  shall  in  conjunction  with  (64)  satisfy 
at  the  surface  of  the  cylinder  (r  =  c)  the  condition  that  the 
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function  and  its  differential  coefficient  with  respect  to  r  shall 
be  continuous.     The  divergent  wave  is  expressed  by 

Bo>/ro  +  Bi-v/tj  cos  6  +  'B-jfi  cos  2^  + ... , 

where  a/^q,  -v^j,  kc.  are  the  functions  of  hr  defined  in  §  341. 
The  coefficients  B  are  determined  in  accordance  with 

except  in  the  case  of  m  =  0,  when  2/"'  on  the  right-hand 
side  is  to  be  replaced  by  i"'.  In  working  out  the  result  we 
suppose  he  and  k'c  to  be  small;  and  we  find  approximately  for 
the  secondarv  disturbance  corresponding  to  (64) 

^=(i^'^'-'-"  F?^  -  "'"^T"'^  cos  e] ;  m 

showing,  as  was  to  be  expected,  that  the  leading  term  is  inde- 
pendent of  6. 

For  case  2,  which  is  of  greater  interest,  we  have  from  (15), 

{did        d   1   d    ,  ^\       ^  x^^N«. 

This  is  of  the  same  fomi  as  (63)  within  a  uniform  medium, 
but  gives  a  different  boundary  condition  at  a  surface  of  transi- 
tion. In  both  cases  the  function  itself  is  to  be  continuous; 
but  in  that  with  which  we  are  now  concerned  the  second  con- 
dition requires  the  continuity  of  the  differential  coefficient 
aftei'  division  hy  P.     The  equation  for  B^,  is  therefore 


^A'^'i^M^'^^-'^^^W^} 


with  the  understanding  that  the  2  is  to  be  omitted  when  m  =  0. 
Corresponding  to  the  primary  wave  g«("'+^"J')j  we  find  as  the 
expression  of  the  secondary  at  a  great  distance  from  the  cv- 
linder, 

The  term  in  cos  6  is  now  the  leading  term;  so  that  the  second- 

*  In  (66)  c  is  tlie  magnetic  component,  and  not  the  radius  of  the  cylin- 
der. So  many  letters  are  employed  in  the  electromagnetic  theory,  that  it 
is  difficult  to  hit  upon  a  satisfactory  notation. 

H2 
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ary  disturbance  approximately  vanishes  in  the  direction  of  the 
primary  electrical  displacements,  agreeably  with  what  has 
been  proved  before.  It  should  be  stated  here  that  ((>?)  is  not 
complete  to  the  order  k^c'^  in  the  term  containinfr  cos  6.  Tin; 
calculation  of  the  part  omitted  is  somewhat  tedious  in  general; 
but  if  we  introduce  the  supposition  that  the  difference  between 
k''  and  Ir  is  small,  its  effect  is  to  bring  in  the  factor  {X  —  ^k-c"^). 
Extracting  the  factor  {k''^  —  k^),  Ave  may  conveniently  write 
((w) 

-^^^cos2^],      .     (68) 

in  which 

cos  ff ^, 5-  cos  26 

lb  o 

Z./2/i_7.2  2  7.2  2 

=  cos^-^  \/'  -i^cos^^.     .     .    (69) 
lb  4 

In  the  directions  cos^  =  0,  the  secondary  light  is  thus  not 
only  of  high  order  in  kc,  but  is  also  of  the  second  order  in 
{k'—k).  For  the  direction  in  which  the  secondary  light 
vanishes  to  the  next  approximation,  Ave  have 

i7r-^=TJg(y(;'V-Pe2)=^£!_ih.     .     .     (70) 

This  corresponds  to  (01)  for  the  sphere ;  and  is  true  if  kc,  k'c 
be  small  enough,  AA'hateA-er  may  be  the  relation  of  k'  and  /•. 
For  the  cylinder,  as  for  the  sphere,  the  direction  is  such  that 
the  primary  light  Avould  be  bent  through  an  angle  greater  than 
a  rii^ht  angle. 

If  we  neglect  the  square  of  (^'-  — P),  the  complete  expression 
corresponding  to  (G'J)  is 

cos  (9(1  -i/.V)-i  AV- cos2  6=  cos  ^[1  -i^V-i^-V  cos  6]. 
This  may  be  compared  Avith  the  A-alue  obtained  by  the  former 
method,  viz.  cos  ^  Ji(2^ccos  4^)-f-/iCC0s-|^,  and  Avill  be  found 
to  agree  with  it  as  far  as  the  square  of  kc. 

If  Ave  sujipose  the  cylinder  to  be  extremely  small,  aa'c  may 
confine  ourselves  to  the  leading  terms  in  (65)  and  (67).  Let 
ns  compare  the  intensities  of  the  secondary  lights  emitted  in 
the  two  cases  along  ^=0,  i.  e.  directly  backwards.     From  (6.')^ 

yoc — 2 — ' 

Avhile  from  (67)  7.2  2 '^•"-^■' 


yjrai-Pc' 


/•'-  +  / 
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The  opposition  of  sign  is  apparent  only,  and  relates  to  the  dif- 
ferent methods  of  measurement  adopted  in  the  two  cases.  In 
{'ob^  the  primary  and  secondary  disturbances  are  represented 
by  A/K,  but  in  (67)  by  the  magnetic  function  c.  If  we  express 
the  solution  in  the  second  case  in  terms  of  the  electric  func- 
tion r/,  we  shall  find  (see  13)  that  the  ratio  of  c  to  g  changes 
sign  "when  we  pass  from  the  primary  light  propagated  along 

—  ,v  to  the  secondary  light  propagated  along  +  j-.  The  actual 
ratio  of  amplitudes  in  the  two  cases  is  thus  (//'-  + IS') /2k-,  or 
(K'4-K)/2K.  Unless  the  difference  between  K' and  K  be 
neglected,  the  two  components  of  unpolarized  light  are  scat- 
tered along  this  direction  in  different  proportions,  that  compo- 
nent preponderating  in  which  the  electric  displacement  is 
parallel  to  the  axis  of  the  cylinder.  The  secondar\'  light  is 
therefore  partially  polarized  in  the  plane  perpendicular  to  the 
axis. 

June  1881. 

XI.  An  Abstract  'of  the  Results  obtained  in  a  Recalculation 
of  the  Atomic  Weights.  By  Fra^'k  ^\'iCtGLEswoiith 
Clarke,  S.B.,  Professor  of  Chemistry  in  the  University  of 

-  Cincinnati* . 

DURING  the  past  three  years  I  have  been  engaged  upon 
a  recalculation  of  all  the  atomic-weight  determina- 
tions Avhich  have  been  published  from  the  time  of  Berzelius's 
earlier  investigations  down  to  the  present  date.  My  purpose 
has  been  to  reduce  all  similar  series  of  experiments  to  com- 
mon standards,  to  calculate  the  probable  error  of  each  series, 
to  combine  the  results  into  general  means,  and  then  to  deduce 
the  atomic  weights  in  such  a  way  that  each  value  should 
represent  a  fair  average  of  all  the  trustworthy  estimations. 
In  other  words,  I  have  sought  to  bring  together  all  the  vast 
number  of  scattered  details,  and  to  derive  from  them  a  more 
consistent  table  of  atomic  weights  than  has  hitherto  been 
found  in  chemical  literature.  My  complete  work  will  appear 
in  due  time  as  a  separate  volume  ;  my  present  intention  is  to 
give  merely  a  summary  of  my  methods,  and  my  conclusions. 
Taking  hydrogen  as  unity,  I  necessarily  began  with  the 
ratio  between  it  and  oxygen.  This  ratio  has  been  deter- 
mined accurately  in  only  two  ways : — first,  by  the  synthesis  of 
water  over  copper  oxide  :  and  secondly,  from  the  relative 
density  of  the  two  gases.  Ignoring  earlier  inexact  experi- 
ments, we  may  consider  only  the  data  furnished  by  Dumas, 
by  Erdmann  and  Marchand,  and  bv  Eegnault.  From  Dumas's 
nmeteen  sjTitheses  of  water  we  get  for  oxygen  values  ranging 
*  Comrmmicated  by  tlie  Author. 
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from  0  =  15-802  to  O  =  lG-024.  The  mean  of  all  is  15-9607, 
with  a  probable  error  of  ±"007.  Pjrdmann  and  Marchand 
give  eight  results, -which  average  O  =  15-ii733±'0113.  The 
general  mean  from  both  investigations  is 

O  =  15-9642±-006. 

The  density  of  hydrogen,  referred  to  air  as  unity,  was  deter- 
mined l)y  liognault  in  three  experiments.  The  mean  was 
•Ut)92Go  ;  ±*U0U01'J.  For  oxygen  four  determinations  were 
made  by  llegnault,  and  one  of  them  was  rejected.  The  three 
remaining  tignres  give  a  density  of  1*105033  ;  ±'000008. 
The  ratio  between  these  two  density-estimations  gives  an 
atomic  weight  of  0  =  15*9628;  ±*0044:.  Combininc  this 
with  the  value  found  from  the  s}-nthesis  of  water,  we  get  a 
general  mean  of 

0  =  15*9633;  ±*0035. 

This  is  the  most  probable  value  which  can  be  deduced  from 
the  published  data,  and  it  forms  the  corner-stone  upon  which 
our  entire  system  of  atomic  weights  must  rest.  I  need  not 
discuss  here  the  methods  employed  in  the  calculation  of  pro- 
bable errors;  for  they  are  given  in  all  treatises  upon  least 
squares.  Sutfice  it  to  say,  that  I  assign  no  arbitrary  weights 
to  the  values  under  examination ;  each  series  of  experiments 
receives  the  Aveight  to  which  the  probable  error  of  its  mean 
entitles  it. 

Having  found  a  value  for  oxygen,  I  next  discussed  in  a 
group  the  atomic  weights  of  the  elements  chlorine,  bromine, 
iodine,  silver,  potassium,  sodium,  and  sulphur.  The  data  to 
be  considered  were  determined  by  Berzelius,  Penny,  Pelouze, 
Marignac,  Maumene,  Gerhardt,  Millon,  Struve,  Svanberg  and 
Struve,  Turner,  Dumas,  Cooke,  and  Stas,  and  represented 
twenty  distinct  ratios.  For  example,  one  of  the  most  impor- 
tant ratios  was  that  between  potassium-chloride  and  potassium- 
chlorate,  for  which  there  were  nine  series  of  determinations. 
The  mean  of  each  series  was  calculated,  together  with  its 
probable  error ;  and  then  all  nine  means  were  combined  into 
one  general  mean.  Thus  all  the  available  data  were  reduced 
to  the  twenty  compact  ratios  above  referred  to.  Two  of  these 
may  be  cited,  to  illustrate  the  methods  of  calculation. 

1.  Percentage  of  0  in  KCIO,,  39*154  ;   ±*0004. 

2.  Ag  :  KCl  :  :  100  :  69*1032  ;   ±*0002. 

From  the  first  of  these  ratios  the  molecular  weight  of  KCl 
is  easily  calculated  by  the  usual  proportion  39*154  :  60*846  :  : 

03:%. 

Using  the  value  for  oxygen  previously  found,  x,  or  KCl, 
became  74*4217  ;  and  as  the  probable  errors  are  known  lor 
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tlie  three  known  terms  of  the  proportion,  we  easily  deduce 
that  of  the  fourth  term,  and  write 

KC1=74-4217;  ±-0164. 
Here  the  probable  error  is  a  function  of  the  probable  errors 
of  the  experiments  upon  potassium-chlorate,  and  the  probable 
error  of  the  atomic  weight  of  oxygen.  We  may  now  use 
this  value  KCl  in  connexion  with  the  second  of  the  ratios 
above  cited,  and  deduce  for  the  atomic  Aveight  of  silver  the 
figure  Ag  =  107-696  ;  ±'024.  In  every  proportion  used  there 
are  known  probable  errors  for  three  terms,  and  they  are  in- 
volved in  the  probable  error  of  the  fourth  term.  From  the 
twenty  ratios  above  referred  to,  eight  entirely  independent 
values  for  the  atomic  weight  of  silver  can  be  found.  Each 
value  has  a  definitely  ascertained  probable  error,  and  each 
receives  the  weight  which  that  error  indicates.  The  general 
mean  of  all  is 

Ag  =  107-675±-0096. 

This  is  the  final  result  from  the  discussion  of  over  two  hun- 
dred experiments  ;  and  it  gives  us  the  key  to  the  atomic 
weights  of  the  other  elements  in  the  group  under  considera- 
tion.    These  are  as  follows,  when  O  =  15'96oo±"0035  : — 

CI  =   35-370  ;  ±-014. 

Br=   79-768  ;   ±-019. 

I    =126-557;  ±-022. 

K  =  39-019;   ±-012. 

>s\a=   22-998  ;  ±-01]. 

S  =  31-984;  ±-012. 
The  values  which  Stas  assigns  to  these  elements  are  all  based 
upon  the  standard  of  0  =  16.  If  we  adapt  the  above  figures 
to  the  same  standard,  we  may  compare  them  side  by  side  with 
those  of  Stas.  As  the  latter  chemist  also  determined  the 
atomic  weights  of  nitrogen,  lithium,  and  lead,  I  will  include 
the  values  found  in  this  recalculation  for  these  substances  also. 

Atomic  Weights  with  0  =  16. 

New  values.  Stas's  values.  Difference. 

Ag 107-923  107-930  --007 

CI  35-451  35-457  --006 

Br 79-951  79-952  --001 

I  126-848  126-850  --002 

Na 23-051  23-043  +-008 

K  39-109  39-137  --028 

S  32-058  32-074  --016 

N  14-029  14-044  --015 

Li  7-0235  7-022  +-0015 

Pb 206-946  206-926  +  -020 
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Tlio  magnificent  accuracy  of  Stns's  manipulations  could 
hardly  receive  more  striking  confirmation  than  is  afibrded  by 
these  figures. 

The  atomic  weights  of  the  remaining  elements  I  give  below 
in  the  order  of  their  calculation.  I  also  give  the  authorities 
whoso  experiments  are  combined  in  the  values  ])resented. 
Elaborate  details  there  is,  of  course,  no  room  for.  They  must 
be  sought  in  the  complete  monograph  when  the  hitter  is  pub- 
lished. 

Nitrogen. — Data  by  Regnault,  Pelouze,  Marignac,  Turner, 
Penny,  and  Stas.  General  mean  of  all,  N=  14-02 10  ; 
±•0035.  This  value  involved  the  values  previously  found 
for  0,K,Na,Ag,  andCl. 

Carhon. — Data  by  Liebig  and  Eedtenbacher,  Maumene, 
Dumas  and  Stas,  Erchnann  and  Marchand,  and  Stas.  General 
mean  of  all,  C  =  12-0021  ;  ±'0019.  Rejecting  the  series  by 
Liebig  and  Redtenbacher,  and  by  Maumene,  which  involve 
constant  errors,  we  get  from  the  remaining  series  a  value  of 
0=11-9736;  +-0028.  If  0=1G,  this  becomes  C=12-0011. 
The  ratio  between  oxygen  and  carbon,  therefore,  is  a  ratio 
between  two  whole  numbers,  16  and  12. 

Barium. — Determined  by  Berzelius,  Turner,  Struve,  Pelouze, 
Mario-nac,  Dumas,  and  Stas.  General  mean,  Ba  =  136-763  ; 
±-03'l.     If  0=16,  Ba  =  137-007. 

Strontium. — Data  by  Pelouze,  Dumas,  and  Marignac. 
General  mean,  Sr=  87-374  ;   ±-032. 

Calcium. — Experiments  by  Berzelius,  Erdmann  and 
Marchand,  and  Dumas.  Ca=39-990;  fOlO.  The  best  single 
result  by  Erdmann  and  Marchand  gives  Ca=39-905  ;  or,  if 
0  =  16,  Ca  =  39-997. 

I^eacL — Berzelius,  Turner,  Marignac,  Dumas,  Anderson, 
and  Stas.  Some  data  were  rejected.  The  final,  most  pro- 
bable value  is  Pb=  206-471  ;   ±-021. 

Fluorine. — Berzelius,  Louyet,  Dumas,  and  De  Luca.  Gene- 
ral mean,  F=18-984  ;   ±-007. 

Fhosphorus. — The  only  good  determinations  for  this  ele- 
ment are  those  by  Schrotter  and  by  Dumas.  General  mean  of 
both  series,  P=30-958  ;   ±"007. 

Boron. — Berzelius,  Laurent,  Dumas,  and  Deville.  In  mean, 
B=10-941  ;   ±-023.     Not  well  determined. 

Silicon. — Pelouze,  Dumas, and  Schiel.  Si  =  28-195  ;  ±'031. 
This  constant  needs  thorough  experimental  revision. 

Lithium. — Mellet,  Diehl,  Troost,  and  Stas.  General  mean, 
Li=7-0073;   ±-007. 

Rubidium. — Bunsen,  Piccard,  GodefFroy.  Eb  =  85*251  ; 
±•0045. 
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Caesium. — Johnson  and  Allen,  Bunsen,  and  Godeffrov. 
Cs  =  132-583;   ±-024. 

Thallium . — Although  I  have  recalculated  the  results  ob- 
tained by  Lamy,  Hebberling,  and  Werther,  I  need  consider 
here  only  the  experiments  of  Crookes.  His  weighings,  calcu- 
lated with  the  values  for  0  and  X  given  above,  make 
Tl  =  203"715;  ±"037.  Crookes  himself,  using  the  value 
N03=Gl-88y,  found  Tl=203-642  and  regards  his  results 
as  evidence  against  Prout's  hypothesis.  His  experiments, 
however,  reallv  fix  only  the  ratio  between  XO3  and  Tl.  If 
N03  =  62,  then  11  =  204-008  ;  that  is,  the  ratio  which  Crookes 
has  rigorously  established  is  a  ratio  between  two  whole  num- 
bers, and  is  confirmatory  of  Prout's  idea. 

Glucinum. — The  results  of  Awdejew,  Klatzo,  ^Veeren,  and 
Debray  have  high  probable  errors,  and  practically  vanish  from 
the  mean  when  combined  with  those  of  Xilson  and  Petters.-on, 
The  weighings  published  by  the  latter  chemists  give  me 
Gl  =  9-085  ±-0055,  or  Gl  =  13-628 ±-008,  according  to  whether 
the  oxide  is  GIO  or  GI2O3. 

Magnesium. — Scheerer,  Svanberg,  and  Xordenfeldt,  Bahr, 
Jacquelain,  Marchand  and  Scheerer,  and  Dumas.  General 
mean  of  all,  Mg=  24-103  ;  ±'004.  Some  of  the  series  are 
vitiated  by  constant  errors.  The  best  value  is  to  be  deduced 
from  Marchand  and  Scheerer's  work  alone,  and  is  Mg=  23-959 ; 
±•005. 

Zinc. — Jacquelain,  Favre,  and  Axel  Erdmann.  General 
mean,  Zn  =  65-557  ;  +'011.  Erdmann's  results  alone,  how- 
ever, give  a  more  probable  value  (considered  chemically)  of 
Zn  =  64-9045;   ±-019. 

Cadmium. — Yon  Hauer,  Leussen,  and  Dumas.  General 
mean,  Cd  =  111-7 70;   ±-030. 

Mercury. — Part  of  Turner's  data  arc  to  be  considered,  to- 
gether 'with  results  by  Erdmann  and  Marchand,  Millon,  and 
Svanberg.  General  mean,  Hg  =  199-712  ;  +-042.  Xew 
determinations  are  much  needed. 

Chromium. — Peligot^s  work  was  not  available  for  discus- 
sion. The  data  studied  were  by  Berlin,  Moberg,  Lefort, 
Wildenstein,  Kessler,  and  Siewert.  General  mean  fz-om  all, 
Cr  =  52-453;  +-015.  Berlin's  Avork,  considered  by  itself, 
gives  Cr  =  52-389;  +'019.  Siewert's  results  give  Cr  =  52-009; 
+  •025.  I  regard  the  last  value  as  freest  from  constant 
errors,  and  use  it  in  subsequent  calculations. 

Manganese. — Turner,  Berzelius,  Dumas,  v.  Hauer,  Schnei- 
der, Rawack.  General  mean,  ]\In  =  54-128  :  +-011.  Schnei- 
der's and  Rawack's  results  give  a  better  value  of  Mn  =  53-906  ; 
+  •012. 


106  Prof.  F.  W.  Clarke  on  the  Results  obtained 

Iron. — Borzelius,  Svanborg,  and  Norliii,  Erdniann  and 
Marcband,  Maunient',  Kivot,  and  Diuntis.  General  mean, 
Fo  =  55-913  ;   +-012. 

Copper. — Berzeliiis,  Erdniann  and  IMarcliand,  Millon  and 
Comniaillo,  and  ILinipe.     Cu  =  (j3-178  ;    +-011. 

Molybdenum. — Debray,  Dnnias,  Haniniel.sberfTj  and  analyses 
by  Liecbti  and  Kemp.     Mo  =  95-527  ;   +-051. 

Tungsten. — Berzelius,  Sebneider,  Marcband,  v.  Borcb, 
Dumas,  Bernoulli,  Persoz,  Roscoe,  Scbeibler^  and  Zcttnow. 
General  mean  of  all,  W  =  183-610  ;    +-032. 

Uranhnn. — Peligot,  Ebelmen,  and  "Wertbeim.  General 
mean,  U  =  238-481  ;   +-082. 

Ahnn'uium. — Berzelius,  Tissior,  Isnard,  Dumas,  Terrell, 
and  Mallet.  General  mean,  Al  =  27-001)2  ;  +-0028.  All 
tlie  data  except  Mallet's  migbt  be  rejected  witbout  essentially 
affecting  tins  value. 

6^o/(7.— Berzelius  and  Levol.  Au=196-155  ;  +  -095.  A 
tborougb  redetermination  is  mucb  needed. 

Nickel. — Several  early  series  of  nickel  and  cobalt  were  re- 
jected. Tbe  data  taken  were  by  Sebneider,  Dumas,  Russell, 
Sommaruga,  Winkler,  and  Lee.  General  mean,  Ni  =  58-547  ; 
+  •009.  I  attacb  more  importance  to  tbe  concordant  results 
of  Sebneider,  Sommaruga,  and  Lee,  wbose  figures  give  a 
general  mean  of  Ni  =  57-928  ;  +-022.  Lee's  investigation 
was  of  all  tbe  least  susceptible  to  constant  errors. 

Cobcdt. — Sebneider,  Dumas,  Russell,  Sommaruga,  AVinkler, 
Weselsky,  and  Lee.     Co  =  58-887  ;    +'008. 

Selenmm. — Berzelius,  Sacc,  Erdniann,  and  Marcband,  Du- 
mas, and  Ekman  and  Pettersson.     Se  =  78-797  ;    +-011. 

2'ellurium. — Berzelius,  v.  Hauer,  and  Wills.  General  inean, 
Te  =  127-9()0;  ±'034.  Tbe  results  of  v.  Hauer  and  Wills 
upon  K^TeBrg  give  Te  =  127-170  ;  +-173.  Wills's  mini- 
mum figures  give  me  Te  =  12(J-07.  In  all  of  tbese  results 
certain  constant  errors  are  possible  ;  so  tbat  the  question 
raised  by  MendelejefF  as  to  wbetber  tellurium  is  above  or  below 
iodine,  cannot  be  regarded  as  settled. 

Vanadium. — Roscoe's  weigbings,  recalculated  witb  tbe  new 
values  for  0,  Ag,  and  CI,  give  V=51-25G  ;    +-024. 

Arsenic. — Pelouze,  Dumas,  Wallace,  and  Kessler.  General 
mean,  As=74-918  ;  +-016.  Wallace's  analyses  of  AsBr, 
were  made  to  establish  the  atomic  weight  of  bromine  ;  but 
they  serve  a  better  purpose  here. 

Antinwwj. — For  tins  element  there  have  been  the  two  rival 
figures  120  and  122.  Tbe  general  mean  from  data  by  Kessler, 
Dumas,  and  Dexter  is  Sb  =  122-092;  +-035.  The  general 
mean  from  the  experiments  of  Schneider  and  of  Cooke  is 
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Sb  =  119"955  ;    +'036.  In  view  of  the  recent  discussions  iipon 
the  subject,  we  may  regard  the  lower  figure  as  established. 

Bismuth. — General  mean  from  Schneider's  experiments 
Bi  =  207-523;  ±-082.  If  0  =  16,  this  becomes  208-001. 
All  of  Dumas's  results  on  bisumth  chloride  give  a  mean  of 
Bi  =  210'464;  the  figures  which  he  considers  best  give 
Bi  =  209'78.  Schneider's  work  is  pi-obably  nearest  correct, 
his  method  being  less  liable  to  constant  errors  than  that  of 
Dumas. 

Tin. — Berzelius,  Mulder  and  Ylaanderen,  Dumas,  and 
Vlaanderen.     General  mean,  Sn  =  11 7'698  ;   +*040. 

Titanium. — Rose's  weighings  give  Ti  =  48"710  +  "105. 
Mosander's  figures  mve  Ti  =47-045.  Pierre's  siveTi  =  49-889 
+  "096;  and  Demoly's,  Ti  =52*191 +  153.  A  general  mean 
of  the  results  of  Pierre,  Rose,  and  Demoly  is  49-84(3  + -064. 
Mosander's  work  must  be  rejected  for  Avant  of  sufficient  de- 
tails.    An  experimental  revision  is  wanted. 

Zirconium. — From  Berzelius's  figures,  Zr  =  89-255  ;  +  '039. 
From  Marignac's  data  Zr  =  90-328  ;  +-113.  The  general 
mean  of  both  sets  is  Zr  =  89-367  ;  +"037.  New  determina- 
tions are  evidently  needed. 

Thorium. — Berzelius,  Chydeuius,  Berlin,  Delafontaiue, 
Hermann,  and  Cleve.     General  mean,  Th  =  233-414  ;   +-073. 

Gallium. — From  Boisbaudran's  results,  in  mean,  Ga= 
68-854. 

Indium. — Reich  and  Richter,  Winkler,  and  Bunsen.  Gene- 
ral mean,  In=  113-398  ;    +-047. 

Cerium. — Beringer,  .Hermann,  Mariguac,  Bunsen  and 
Jegel,  Rammelsberg,  AVolf,  Wing,  and  Buehrig.  General 
mean  of  all,  Ce  =  140-424;  +-017.  Buehrig''s  analyses  of 
the  oxalate  give  Ce=  141-198  ;  +  -020.  The  figures  by  Wolf 
and  by  Wing  give  Ce  =  137-724.  Wolf  and  Wing  had  a 
lohite  ceroso-ceric  oxide  ;  and  Wolf  suspects  the  ordinary  yel- 
lowish compound  to  contain  a  fourth  metal  of  the  cerium  group. 
Buehrig's  work  is  the  best  ;  but  the  possible  presence  of  a 
fourth  metal  is  not  considered  by  this  chemist.  Therefore 
new  experiments  are  needed. 

Lanthanum. — Hermann,  Rammelsberg,  Marignac,  Czud- 
nowicz,  Holzmann,  Zschiesche,  Erk,  and  Cleve.  General 
mean,  La=  138-526;   ±-030. 

Didymium. — Marignac,  Hermann,  Zschiesche,  Erk,  and 
Cleve.  General  mean,  Di  =  144-573  ;  +-031.  Cleve's  work 
alone,  which  is  doubtless  the  best,  gives  Di  =  146-804. 

Scandium. — Nilson^s  results,  recalculated,  give  So  = 
43-980;   +-015. 

Yttrium. — Popp,  Delafontaine, Bahr  and  Bunsen,and  Cleve. 
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General  mean,  Yt  =  07()lG.       Exoludinnj  Popp's    work    as 
■\vortlilcss,  the  general  mean  becomes  Yt  =  ^<0"81(j  ;    +*0G7. 
ytterbium.— Kihon.     Yb=172-7G1;    +-038. 

Erbium. — For  this  metal  the  most  probable  results  are  those 
of  Cleve,  which  give,  recalculated,  Er=l(!;V81ll.  Previous 
workers  undoubtedly  studied  material  rich  in  ytterbium  and 
other  metals  of  the  group. 

For  terbium,  samarium,  phillipium,  decipium,  tluilium,  &c. 
there  are  no  satisfactory  data.  Cleve  gives  170*7  for  thulium, 
while  Dclafontainc  puis  Ph=  123  to  125,  and  Dp  =  171.  These 
figures  assume  that  all  the  earths  of  the  grou})  are  sesquiuxides. 

Cohtmbiuin*. — Marignac's  I'esults  give  approximately 
Cb  =  l>4  ;  Blomstrand  regards  i^o  as  the  most  probable  value. 
New  estimations  are  needed. 

Tantalum. — All  of  Marignac's  figures  give  a  general  mean 
of  Ta  =  182-144  ;  +-lt)6.  Probably  182  may  be  safely  used 
as  the  true  value. 

Platinum. — By  a  recalculation  of  the  results  lately  pub- 
lished by  Seubert,  I  get  Pt=  194-415  ;   ±-049. 

Osmium. — Berzelius's  figures  give  me  Os  =  198-494. 

Iridium. — The  general  mean  calculated  from  Seubert's 
weighings  is  Ir=192-()51  :    +-033. 

Palladium. — Berzelius's  last  results  are  the  only  ones  Avorth 
considering.     They  give  Pd=  105-737. 

PJtodium. — Data  by  Berzelius.     Eh  =  104*055. 

Putlienium. — A  single  analysis  of  potassium  rutheuio-chlo- 
ride  by  Claus  gives  Ru  =  104-21 7.  Plainly  the  values  for  Ru, 
Rh,  Pd,  and  Os  need  scrupulous  redetermination. 

Conclusions. 

A  careful  scrutiny  of  all  the  data  upon  which  the  foregoing 
atomic-weight  calculations  depend  will  reveal  various  sources 
of  error.  Of  course,  each  series  of  results  must  be  considered 
by  itself  and  weighed  on  its  own  merits  ;  but  a  few  general 
errors  are  important  enough  to  warrant  mention  here. 

First,  every  value  after  oxygen,  with  one  or  two  partial 
exceptions,  involves  whatever  error  may  attach  to  the  atomic 
weiirhtof  oxygen.  If  the  latter  is  IG  instead  of  15-9G33,  this 
error  in  some  mstances  becomes  multijtlied  to  a  serious  ex- 
tent, as  a  glance  at  the  tabulated  results  will  show.  Other 
similar  errors  are  repeated  continualh'.  The  value  assigned 
to  any  element  is  necessarily  aftected  by  whatever  errors  may 
attach  to  the  atomic  weights  of  those  other  elements  through 
whose  medium  it  is  referred  to  the  standard,  hydrogen. 

•  This  name  has  priority  over  the  generally  accepted  "  niobium,''  and 
tberefore  is  entitled  to  preference. 
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Secondly,  confusion  arises  from  the  fact  that  many  of  the 
weio-hino-s  nnder  discussion  were  not  reduced  to  the  standard 
of  a  vacuum ;  while  others  had  been  subjected  to  such  a  cor- 
rection. The  errors  thus  introduced  into  the  calculations  are 
small,  but  still  they  cannot  be  lost  sight  of. 

Another  set  of  errors  of  unknown  magnitude  are  produced 
as  follows  : — Many  series  of  experiments,  notably  in  the  work 
of  Stas,  Marignac,  and  other  eminent  investigators,  involve 
the  titration  of  chlorides,  bromides,  or  iodides  with  solutions 
containing  known  weights  of  metallic  silver.  But  Dumas 
has  lately  shown  that  silver,  purified  after  the  usual  methods, 
occludes  weighable  quantities  of  oxygen.  In  other  words,  the 
silver  hitherto  employed  in  atomic-weight  investigations  has 
not  been  pure  silver.  One  exception  is  found  in  IMallet's  re- 
search upon  aluminum.  Since  the  atomic  weights  of  nearly 
all  the  elements  depend  dii'ectly  or  indirectly  upon  silver,  this 
source  of  error  becomes  of  the  gravest  importance.  Analogous 
errors  may  possibly  occur  with  metals  other  than  silver,  and 
should  be  carefully  looked  for.  For  example,  the  atomic 
weights  of  both  copper  and  oxygen  depend  upon  the  reduction 
of  copper-oxide  in  hydrogen.  If  the  residual  copper,  which  is 
weighed,  occludes  any  hydrogen,  then  the  atomic  weight  of 
copper  will  come  out  too  high,  and  that  of  oxygon  a  tritle  too 
low.  Such  an  error  might  account  for  the  ditference  of  be- 
tween 15'9633  and  16  in  the  case  of  oxygen. 

In  connexion  with  the  data  discussed  in  this  investigation, 
it  is  perhaps  worth  while  to  consider  the  bearing  of  the  results 
upon  Front's  famous  hypothesis.  In  order  to  simplify 
matters  I  tabulate  the  new  atomic-weight  values  in  two 
columns,  one  containing  numbers  referred  to  hydrogen  as 
unitv,  the  other  with  figures  comparable  with  oxvgen  as  equal 
to  It). 


Table  of  Atomic  "Weiphts. 


H  =  l. 

0  =  16. 

i 

H  =  l. 

0  =  16. 

Hydrogen  . . . 

1-0000 

10023 

,  Caesium 

1.32-583 

132-918 

Fluorine    ... 

18-984 

19027 

Silver 

197-675 

107-023 

Chlorine    . . . 

35-370 

35-451 

Thallium   ... 

203-715 

204-1  S3 

Bromine    ... 

79-768 

79-951 

Phosphorus 

30-958 

31029 

Iodine    

126-557 

126-848 

j  Vanadium. . . 

51-256 

51-373 

LitMiim 

7-0073 

7-0235 

'  Arsenic 

74-918 

75-090 

Glucinum  ... 

9  085 

9-106 

Cadmium  ... 

111-770 

112-027 

Magnesium 

23-959 

24.014 

Mercury     ... 

199-712 

200-171 

Zinc    

64-905 
22-998 

65-0.34 
23-051 

Calcium     . . . 
Strontium... 

39-990 
87-374 

40-032 
87-575 

Sodium 

Potassium  . . . 

39-019 

39-109 

Barium 

136-763 

137-007 

Rubidium  . . . 

85-251 

85-529 

Lead 

206-471 

206-946 
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11  =  1. 

0  =  16. 

H=l. 

0=16. 

Oxygen  

15-9G3.3 

lfi-0000 

Tantalum  ... 

182144 

182-562 

Sulphur 

31-984 

32-074 

Scandium  ... 

43-980 

44-081 

Selenium    ... 

78-797 

78-978 

Yttrium 

89-816 

90-023 

Tellurium  ... 

127 -9(10 

128-2.54 

Erbium 

165-891 

166-273 

Cliroiitium  .. 

.■)2(109 

52129 

Ytterbium... 

172-761 

1731.58 

IMulvbtlcnitni 

9.')-.".27 

95-747 

Cerium  

140-424 

140-747 

Tungsten  ... 

is;3(il0 

184-032 

Lanthanum 

138-526 

138-844 

Urauiuin    ... 

2;38-4S2 

239-030 

Didvmium 

144-.573 

144  906 

Jlanganese.. 

r)3-90G 

.54029 

Carbon  

11-9736 

120011 

Iron  

5r)-913 

50-042      ! 

Silicon    

28195 

28-260 

Nickel    

r)7-928 

58062 

Titanium  ... 

49-846 

49-961 

Cobalt    ...... 

.-.8-887 

59023 

Zirconium... 

89-3(57 

89-573 

Copjjcr  

G3-173 

(■i3-318 

Tin 

117C.98 

117-968 

Boron    

10041 

10-906 

Thorium    ... 

233-414 

233-951 

Aluiuinuni  .. 

27-009 

27-075 

Platinum  ... 

194-415 

194-867 

Gallium 

',)S-8r)4 

68-963 

Iridium 

192(;51 

193  094 

Indium 

113-398 

113-659      1 

Osmium 

198-494 

198  951 

Nitrogen    . . . 

14-021 

14-029      [ 

Palladiuiu... 

105-737 

105-981 

Antimony  ... 

119-955 

120-231      ■ 

Rhodium  ... 

104055 

104-285 

Bismuth     ...1 

207-523 

208-001 

Rulheniiun 

104-217 

104  457 

Columbium   | 

about  94 

about  94 

Gold  

196-155 

196-606 

Here  we  have  sixty-six  elements,  or,  rejecting  columbium 
as  too  vaguely  determined,  sixty-five.  Such  elements  as 
phillipiuni,  decipium,  thulium,  samarium,  &c.  are  not  yet 
sufficient!}-  well  known  to  be  considered  in  this  connexion. 

In  his  recent  superb  investigation  of  the  atomic  weight  of 
aluminum.  Mallet  makes  substantially  the  following  argument 
in  favour  of  Prout's  hypothesis.  Considering  the  atomic 
weights  of  eighteen  elements  only  as  w'ell  determined,  he  finds 
that  ten  of  them  have  values  varying  less  that  0*1  from  whole 
numbers.  In  other  words,  these  ten  elements  have  atomic 
weights  varying  from  even  multiples  of  that  of  hydrogen  by 
insignificant  amounts.  What  is  the  probability  that  this 
agreement  with  Prout's  hypothesis  in  ten  cases  out  of  eighteen 
is  purely  accidental,  as  those  hold  who  agree  Avith  the  views 
of  Stas  ?  Working  this  problem  out,  he  finds  the  probability 
of  mere  coincidence  to  be  1  :  1097'8  ;  and  he  concludes  that 
Prout's  hypothesis  is  still  worthy  of  careful  consideration. 

Applying  Mallet's  reasoning  to  the  Table  of  atomic  weights 
now  before  us,  we  find  that  in  the  first  column,  when  H  =  l, 
twenty-five  out  of  sixty-five  elements  have  atomic  weights 
falling  within  one  tenth  of  a  unit  of  whole  numbers  ;  but 
many  of  the  figures  which  fall  outside  this  limit  of  variation 
involve  the  variation  of  oxygen  multiplied  many  times  over. 
We  must  therefore  study  the  second  column,  which  assumes 
0  =  16.  Here  we  have  thirty-nine  elements  falling  within 
the  limit  of  variation  assigned  by  Mallet  and  twenty-six  falling 
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■svithout.  The  latter  are  chlorine,  iodine,  potassium,  thallium, 
glucinum,  mercury,  strontium,  tellurium,  chromium,  moly- 
bdenum, rubidium,  copper,  indium,  vanadium,  antimony, 
tantalum,  erbium,  ytterbium,  cerium,  lanthanum,  silicon,  zir- 
conium, platinum,  rhodium,  ruthenium,  and  gold.  Of  these, 
chlorine,  rubidium,  and  strontium  agree  closely  with  half 
multiples  of  hydrogen ;  while  tellurium,  molybdenum,  iridium, 
tantalum,  erbium,  cerium,  silicon,  zirconium,  lanthanum, 
rhodium,  and  ruthenium  maybe  dismissed  from  consideration 
as  not  sutficiently  well  determined  to  bear  upon  the  problem 
before  us.  The  exceptions  in  the  cases  of  potassium,  iodine, 
thallium,  glucinum,  mercury,  chromium,  vanadium,  antimony, 
}i;terbium,  platinum,  and  gold  remain  to  be  considered. 

For  potassium  and  iodine,  we  must  remember  that  both  of 
these  elements  involve  the  constant  error  due  to  the  occlusion 
of  oxygen  by  silver.  This  error  is  probably  great  enough  to 
throw  the  values  for  both  elements  outside  the  limit  of  varia- 
tion above  assigned.  For  thallium  it  has  already  been  shown 
that  when  its  atomic  weight  is  calculated  with  iSr03  =  62, 
Crookes's  data  give  Tl=  204*008.  The  atomic  weights  of 
glucinum  and  ytterbium,  as  given  in  the  Tables,  are  calcu- 
lated from  analyses  of  the  sulphates.  If  SO3  =  80,then  Gl  = 
9*096  ;  and  Yb  =  173*016.  Both  fall  within,  and  one  narrowly 
within  the  limit  of  one  tenth  of  a  unit  variation.  In  the  case 
of  platinum.  I  need  only  say  that  Seubert's  figures  give  values 
ranging  both  above  and  below  the  even  number  195  :  while 
as  for  antimony,  although  the  general  mean  is  Sb  =  120*231, 
Crookes's  analyses  of  the  bromide,  reckoned  with  Br  =  80,  give 
almost  exactly  120  for  the  value.  For  mercury,  chromium, 
vanadium,  and  gold,  new  determinations  are  desirable. 

Enough  has  been  said  to  show  that  none  of  the  apparent 
exceptions  to  Front's  h}-pothesis  are  absolutely  inexplicable. 
As  the  figures  actually  stand,  thirty-nine  out  of  sixt)--five 
elements  varv  less  than  a  tenth  of  a  unit  each  from  even 
multiples  of  the  atomic  weights  of  hydrogen.  Of  the  remain- 
ing twenty-six,  three  conform  to  half  multiples,  three  more 
are  legitimately  recalculable  so  as  to  fall  within  bounds,  and 
eleven  have  been  so  defectively  determined  that  the  assigned 
values  can  carry  scarcely  any  weight.  The  remaining  nine  are 
still  subject  to  slight  revision.  In  short,  the  many  agreements, 
which  include  three  fourths  of  the  w^/Metermined  atomic 
weights,  renders  Front's  hypothesis  very  highly  probable.  It 
is  more  likely  that  the  seeming  exceptions  are  due  to  unde- 
tected constant  errors,  than  that  the  great  number  of  coinci- 
dences should  be  accidental.  The  mathematical  probability 
in  favour  of  Front's  h}-pothesis  I  have  not  yet  calculated  ; 
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but  a  «rlancc  at  Mallet's  fiirures  will   show  that   it  must  he 
onormous. 

As  I  saiil  at  the  begiiinin<T,  tliis  paper  is  but  a  summary  of 
methods  and  conclusions.  Within  its  scope  elaborate  discus- 
sions \Yould  not  be  admissible.  I  hope  that  my  complete 
memoir  will  soon  be  published  ;  and  it  is  my  intention  to 
discuss,  in  an  appendix  to  it,  both  the  boariufr  of  the  results 
upon  Prout's  hypothesis,  and  the  distribution  of  the  variations 
therefrom.  I  ought  to  say,  that  at  the  beginning  of  my 
investigation  I  was  strongly  prejudiced  against  Prout's  hypo- 
thesis, and  fully  believed  that  it  had  been  for  ever  overthrown. 
My  results  have  forced  me  to  give  it  very  respectful  con- 
sideration. 

XII.    On  the  Opacity  of  Tourmaline  Crystals. 
By  Professor  Silvanus  P.  Thompson,  B.A.,  D.Sc* 

Introchiction. 

1.  ''pOUHM ALINE  is  distinguished  amongst  crystals  for 
J-  its  remarkable  optical  })roperties,  particularly  its 
power  of  polarizing  light.  It  is  distinguished  moreover  by 
possessing  characteristic  electric  properties.  It  possesses  also 
a  crystallographic  interest  as  furnishing  an  eminent  example 
of  non-superposable  hemihedry.  There  can  be  little  doubt 
that  these  remarkable  and  characteristic  qualities  are  closely 
related  to  one  another,  though  as  yet  very  little  is  known  of 
the  nature  of  this  probable  connexion.  In  the  present  paper 
an  attemjjt  is  made  to  connect  the  oj)tical  and  electrical  pro- 
perties of  the  crystal,  by  showing  that  the  opacity  of  the 
crystal  to  light  polarized  in  a  principal  plane  of  section  can 
be  deduced  from  its  electric  conductivity. 

2.  In  a  paper  read  before  Section  A  of  the  British  Associa- 
tion at  Dublin  in  1878,  by  Dr.  0.  J.  Lodge  and  myself f,  we 
suggested,  as  a  possible  explanation  of  the  phenomena  of  pyro- 
electricity  in  tourmaline,  that  it  miglit  be  found  to  possess 
unilateral  conductivity  for  electricity — and  if  for  electricity, 
for  heat  also.  Our  experiments  on  the  electric  conductivity, 
however,  led  to  negative  results;  and  in  the  case  of  heat-con- 
ductivity, the  only  differences  observed  of  a  unilateral  kind 
were  such  as  occurred  while  the  temperature  was  either  rising 
or  fallinnf — not  whilst  it  Avas  constant.  Our  orifrinal  sufTcres- 
tion,  therefore,  Avas  not  confirmed,  though  I  obtained  instead 

*  Conimuuicated  by  the  Phj-sical  Society,  having  been  read  at  the 
Meeting  on  Juno  11. 

t  Report  Brit.  Assoc.  (Dublin)  1878,  p.  495;  and  Phil.  Mag.  Julv 
1870. 
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a  result  which  amounted  to  the  discovery  of  a  new  pheno- 
menon, "  the  Convection  of  Heat  hy  Electricity" — namely,  that 
in  a  pyroelectric  crystal  whose  temperature  is  rising,  heat 
flows  more  easily  icith  the  electricity  than  it  does  against  the 
electricity.  We  were  later  indebted  to  Mr.  G.  F.  Fitzgerald, 
of  Trinity  College,  Dublin,  for  the  suggestion  that  an  analo- 
gous phenomenon  might  occur,  namely  that  there  might  be  a 
unilateral  electric  convection  whilst  the  electromotive  force 
producing  the  flow  was  rising  or  falling*. 

3.  Whilst  we  were  pursuing  these  investigations,  and  before 
we  abandoned  our  original  hypothesis,  the  suggestion  was 
made  to  me  by  Dr.  Lodge  that  if  tourmaline  possessed  uni- 
lateral conductivity  along  the  axis,  this  might  afford  a  pos- 
sible explanation  of  the  greater  opacity  observed  in  coloured 
tourmalines  for  one  set  of  rays.  For  if,  as  on  our  original 
hj'pothesis,  the  elasticity  in  one  sense  along  the  axis  were  dif- 
ferent from  the  elasticity  in  the  opposite  sense  along  the  axis, 
vibrations  taking  place  along  the  axis  would  be  stopped,  and 
the  only  rays  transmitted  would  be  those  vibrating  at  right 
angles  to  the  axis.  Unfortunately  for  this  suggestion,  the  ray 
whose  vibrations  are  executed  in  a  plane  at  right  angles  to  the 
axis  is  the  ordinary-  ray,  which  is  the  one  to  which  the  tour- 
maline is  opaque  ;  whilst  the  ray  which  it  transmits  is  the 
extraordinary  ray,  which,  being  polarized  in  a  plane  at  right 
angles  to  the  axis,  is  propagated  by  vibrations  (according  to 
Fresnel  and  Stokes)  executed  in  a  principal  plane  of  section. 
I  could  not,  therefore,  agree  with  this  suggestion  as  to  the 
cause  of  opacity  in  tourmaline  crystals,  though  the  suggestion 
that  the  opacity  was  involved  in  the  electrical  properties  of 
the  crystal  appeared  an  extremely  likely  one. 

4.  A  theory  of  the  opacity  of  tourmaline  crystals,  how- 
ever, has  recently  occurred  to  me  whilst  considering  the 
general  relations  of  electricity  and  light ;  and  I  now  beg  to 
offer  the  following  explanation,  based  upon  Clerk  MaxwelFs 
electromagnetic  theory  of  light. 

According  to  Maxwell's  theorv,  liorht  is  an  electromagnetic 
disturbance  propagated  in  the  same  medium  which  transmits 
other  electromagnetic  actions,  the  periodic  vibrations  being 
propagated  in  a  wave  through  media  possessing  "  electric  elas- 

*  "We  have  not  yet  put  this  suggestion  to  expeiimental  proof.  In  any 
case  the  experiment  would  be  difiicult,  for  the  reasons  alleged  in  our 
paper  of  1878.  Moreover  the  question  would  still  be  complicated  by 
phenomena  of  heating;  for,  as  -sve  pointed  out  iu  1878,  the  phenomena  of 
pyroelectricity  must  be  reversible,  and  the  application  of  an  external  elec- 
tromotive force  to  a  crystal  must  produce  in  it  a  thermal  change  just  the 
reverse  of  that  which  would  itself  give  rise  to  the  electromotive  force  in 
question. 

Phil  Mag.  S.  5.  Vol.  12.  No.  73.  Aug,  1881.  I 


114  Trof.  S.  P.  Thompson  on  (he 

ticity  "  (/.  e.  diolectric  properties),  but  being  frittered  down 
into  electric  currents  (and  ultimately  into  beat)  when  these 
vibrations  pass  into  conducting  media.  Good  insulators 
should  therefbro  be  transparent,  and  good  conductors  opaque, 
to  light.  Jf  it  can  be  shoicn  that  tournialine  crystals  are  Letter 
conductors  of  electricity  in  one  direction  than  another,  it  can  he 
deduced  as  a  consequence  of  Ma.vwclVs  theory  that  they  icill  he 
better  transmitters  of  light  in  one  direction  than  in  another,  and 
that  they  icill  absorb  more  of  those  rays  of  liglit  ichose  vibrations, 
consisting  of  electric  displacements,  lie  in  the  direction  of  best 
electric  conductivity. 

The  present  paper  consists  of  three  parts: — 

I.  A  r<?.v?<?»^  of  the  Optical,  Electrical,  and  Magnetic  pro- 
perties of  Tourmaline  Crystals. 

II.  A  Mathematical  Theory  of  the  Opacity  of  Crystals 
•which  are  electrically  or  magnetically  aeolotropic. 

III.  A  discussion  of  the  Electric  Conductivity  of  Tourma- 
line Crystals,  and  of  the  Experimental  methods  of  observing  it. 

I.  Physical  Properties  of  T'ourmaline  Crystals. 

5.  Opticcd  Properties. — Tourmaline  belongs  to  the  rhombo- 
hedral  system  of  crystals,  and  is  therefore  optically  a  uniaxal 
crystal.     Its  refractive  indices  are  (approximately) 

Ordinary  ray  l'G406, 

Extraordinary  7'ay  1'6212; 

and  it  is  therefore  a  negative  crystal.  Tourmalines  are  of 
various  colours,  occasionally  colourless,  still  more  rarely  pink 
(rubellite),  but  frequently  bluish-green,  green,  olive,  or  brown. 
The  commonest  of  all  kinds  is  of  a  brownish  tint  when  cut 
into  very  thin  slices,  but  appears  exteriorly  jet-black.  Those 
of  bluish-green  or  green  hue  are,  according  to  M.  Mascart, 
the  most  strongly  pyroelcctric;  and  of  these  the  most  transpa- 
rent are  more  highly  pyroelcctric  than  the  opaque  varieties. 
hi  ordinary  light  a  coloured  tourmaline  is  always  found  to  be 
much  more  opaque  to  rays  traversing  it  in  a  direction  parallel 
to  its  axis  than  to  rays  traversing  it  at  right  angles  to  its  axis, 
equal  thicknesses  being  considered.  Tourmaline  possesses  the 
property  of  polarizing  partially  or  wholly  the  light  which  it 
transmits.  Its  action  on  light  is  usually  explained  by  saying 
that  a  ray  of  ordinary  light  incident  upon  the  crystal  is  divided 
into  two  portions,  the  ordinary  and  the  extraordinazy  ray, 
which  in  passing  through  the  crystal  are  unequally  absorbed. 
If  a  slice  of  the  crystal  be  taken  whose  parallel  faces  are  prin- 
cipal planes  of  section,  and  which  is  of  a  suitable  thickness, 
the  ordinary  ray  will  be  virtually  suppressed,  whilst  the  extra- 
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ordinary  ray  is  transmitted,  though  with  some  loss  by  absorp- 
tion. The  transmitted  ray  is  polarized  in  a  plane  at  right 
angles  to  the  axis  of  the  crystal ;  and  its  yibrations  are  there- 
fore executed  (if  Ave  assume  Avith  Fresnel  and  Stokes  that 
the  yibrations  are  at  right  angles  to  the  plane  of  polarization) 
in  a  direction  parallel  with  that  of  the  axis  of  the  crystal. 

We  may  remark  parentheticaUy,  that  the  almost  complete 
opacity  of  coloured  tourmalines  to  rays  trayelling  along  the 
axis  alfords  a  strong  confirmation  of  the  yiews  of  Fresnel  and 
Stokes.  For  let  this  axis  be  the  .I'-axis  of  a  system  of  rectan- 
gular coordinates,  the  transverse  yibrations  to  a  ray  trayelling 
along  X  must  be  in  planes  parallel  to  the  plane  [yz) ;  and  they 
are  suppressed  by  absorption  whether  parallel  to  y  or  z.  Now 
for  a  ray  travelling  along  y  the  yibrations  are  in  planes  parallel 
to  the  plane  (xz),  and  the  ^-component  is  suppressed  by  absorp- 
tion, the  ci'-component  only  being  transmitted;  while  for  a  ray 
trayelling  along  the  axis  of  z  the  yibrations  are  in  planes 
parallel  to  (ly-^'),  and,  the  y-compouent  being  suppressed  by 
absorption,  the  .r-component  is  alone  transmitted. 

6.  Electrical  Properties. — "With  the  characteristic  pyroelec- 
tric  properties  of  tourmaline  we  haye  not  much  concern  here; 
for  the  tourmalines  which  are  most  highly  pyroelectric  appear 
to  be  least  opaque. 

The  electric  conducti-s-ity  of  tourmaline  is  in  general  yery 
small.  The  resistance  of  a  centimetre  cube  of  the  crystal 
at  ordinary  temperatures  is  certainly  many  thousand  ohms. 
Gaugain  states  that  the  resistance  decreases  rapidly  if  the  tem- 
perature is  raised  to  400°  or  500°,  and  he  has  observed*  some 
crystals,  on  being  cooled  from  this  temperature,  to  retain  a 
high  surface-conductiyity,  which  he  attributed  to  their  having 
hecome  hygroscopic — an  explanation  which  seems  somewhat 
doubtful,  since  he  states  that  washing  them  in  ordinary  water 
rendered  them  non-conducting  as  before.  Becquerel  sought 
to  explain  the  disappearance  of  pyroelectric  phenomena  at 
temperatures  above  150°  C.  by  supposing  an  increase  of  con- 
ductivity to  be  assumed  at  that  temperature.  In  the  researches 
of  Dr.  Lodge  and  myself  in  1878-9  we  found  no  such  great 
decrease  in  resistance,  which  at  300°  C.  was  still  enormous. 
We  were  not  able  to  compare  the  conductivity  in  a  direction 
at  right  angles  to  the  axis  with  that  along  the  axis. 

The  only  experiment  directed  toward  the  comparison  of  the 
electric  conductivities  in  different  directions  with  respect  to 
the  axis  of  the  crystal,  are  those  of  de  Senarmojitf  and  of  G. 

*  Annales  de  Cliimie  et  de  Physique,  3^  serie,  t,  vii.  p.  8, 
t  Ibid.  t.  ixviii.  (1850),  p.  257. 
12 
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Wiedemann*,  both  of  whom  examined  the  condncting-power 
of  the  surfaces  of  crystals.  Tlieir  methods  and  results  are 
examined  in  detail  in  the  concluding  part  of  this  paper.  They 
each  found  the  conductivity  of  tourmaline  to  be  greater  along 
the  axis  than  across  the  axis  :  I  shall  have  occasion  for  show- 
ing that  this  conclusion  is  fallacious. 

7.  Magnetic  Properties. — Pliickor  examined  the  magnetic 
deportment  of  tourmaline.  The  following  account  of  what  was 
observed  is  given  by  Tyndallf : — "  A  plate  of  the  crystal  which 
had  been  i)repared  for  the  purposes  of  ])olarization,  12  milli- 
metres long,  9  wide,  and  3  thick,  was  suspended  by  a  silk 
fibre  between  the  poles  of  an  electromagnet.  On  sending  a 
current  round  the  latter,  the  ])late,  which  was  magnetic,  set 
itself  as  an  ordinary  magnetic  substance  would  do,  with  its 
longest  dimension  from  pole  to  pole.     The  ojitic  axis  of  the 

crystal,  thus  suspended,  was  vertical On  hanging  the 

crystal,  however,  with  its  optic  axis  horizontal,  Avhen  the  mag- 
net was  excited,  the  plate  stood  no  longer  as  a  magnetic  sub- 
stance, but  as  a  diamagnetic  ;  its  longest  dimension  being  at 
right  angles  to  the  line  joining  the  poles.  The  optic  axis  of 
the  crystal  was  found  to  coincide  with  its  length;  and  the 
peculiar  deportment  was  considered  as  a  proof  that  the  optic 
axis  was  repelled."  From  all  which  the  logical  inference  is, 
that  the  coefHcient  of  magnetic  induction  is  less  along  the  axis 
than  in  a  direction  ai  right  angles  to  it.  It  is  curious  that 
Professor  Tyndall  states |  just  the  opposite  to  this — that  the 
maximum  magnetic  induction  is,  in  coloured  crystals  at  all 
events,  in  a  direction  parallel  to  the  axis. 

8.  IVierinal  ConJaclivitij. — De  Senarmont  examined  the 
thermal  conductivity  of  tourmaline  by  his  well-known  method. 
The  conductivity  is  greater  across  the  axis  than  along  it,  the 
ratio  between  the  major  and  minor  axes  of  the  isothermal 
curves  being  (according  to  my  own  observations)  about  3:2; 
and  these  being  proportional  to  the  square  roots  of  the  con- 
ductivities, we  have 

3    :  2  =  ^4:  v'/'i, 
or 

comluctivifi/  aloiu)  axis  ;  conductivity  acros:^  axis  =4:9. 

Th(^  unilateral  conductivity  observed  in  my  experiments  during 
rise  or  fall  of  temperature  need  not  be  further  noticed  here. 

9.  Hadiating-jjower. — Kirchhotf§  and  Stewart  ||  have  shown 

*  Ann.  de  Cliim.  et  de  Phys.  t.  xxix.  (1850),  p.  220;  and  Pogg.  Ann. 
Ixxvi.  p.  404  and  Ixxvii.  p,  5o4. 

t  '  Diamafrnetism,'  p.  2.  %  Op.  cif.  p.  71. 

§  Pogg.  Ann.  cix.  18C0,  p.  27-"j.  !|  Proc.  Roy.  Soc.  x.  p.  503. 
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that  the  law  of  equality  of  power  to  absorb  and  emit  radia- 
tions extends  to  the  case  of  the  light  absorbed  by  the  tour- 
maline, which,  when  heated  to  redness,  emits  rays  partially 
polarized  in  a  principal  plane  of  section — that  is  to  say,  emits 
those  rays  most  freely  which  it  most  freely  absorbs. 

11.  Mathematical  Theory. 
10.  Let  K,  IX,  and  C  stand  respectively  for  the  dielectric 
inductive  capacity,  the  magnetic  inductive  capacity,  and  the 
conductivity  per  unit  of  volume  of  a  medium.  In  crystalline 
media  these  quantities  will,  in  general,  have  ditferent  values 
in  three  principal  rectangular  directions,  being  no  longer  mere 
scalar  quantities,  but  linear  (and  vector)  operators  upon  their 
several  functions.  If  these  values  be  specified  for  any  crystal, 
then  the  optical  properties  of  that  crystal  may  be  deduced 
from  the  general  equations  of  electromagnetic  disturbances. 
These  equations  are  found  in  Maxwell's  '  Electricity  and  Mag- 
netism,' art.  783  (7),  as  follows: — 


(1) 


where 

T    r/F     cm     cm 

dx  .     cly        ciz 

and  where  F,  Gr,  H  are  the  components  of  vector-potential  at 
the  point  {,v,y,z)  in  three  rectangular  directions  parallel  to  the 
.r,  y,  and  c  axes  respectively,  and  where  yfr  represents  the  elec- 
tric (scalar)  potential  of  the  possible  free  electricity.  These 
general  equations  apply  to  the  case  of  a  medium  in  which  both 
electric  displacements  and  true  conduction  currents  are  simul- 
taneously produced  under  the  action  of  an  impressed  electro- 
motive force.  They  cease  to  apply  in  strictness  to  the  case 
where  the  medium  possesses  movements  of  its  own,  which  we 
are  not  here  considering.  If  the  medium  be  homogeneous, 
whether  feolotropic  or  isotropic,  and  if  its  conductivity  under- 
goes no  discontinuity  in  its  values  at  any  point  (that  is  to  say, 
has  the  same  continuous  values  in  the  same  direction),  there 
will  be  no  reason  to  expect  the  phenomenon  of  electric  absorp- 
tion to  occur,  or  free  electrification  to  appear  at  any  internal 
point  of  the  medium.  Hence,  in  considering  steady  periodic 
disturbances  such  as  light-waves,  we  may  neglect  terms  invol- 
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ving  only  functions  of  the  free  electricity,  or  its  volume-den- 
sity, such  as  V^"^,  since  these  -will  ho,  indojjendcnt  of  t, 

11.  In  order  furtlier  to  simplify  the  e([uations,  we  -will  nar- 
row down  the  case  to  that  of  a  plane  wave  of  nnpolarized  light 
propagated  along  the  axis  of  z,  and  therefore  lying  in  planes 
parallel  to  the  ])lane  (.^•^),  in  which  planes  also  the  electric  and 
magnetic  disturbances  are  executed.  We  will  further  suppose  the 
crystal  under  consideration  to  he,  as  tourmaline  is,  a  nniaxal 
crystal,  and  to  have  its  optic  axis  coincident  with  the  axis  of  .r, 
so  that  the  .v  and  y  components  of  the  disturbances  will  be 
respectively  parallel  and  at  right  angles  to  the  optic  axis. 
AVe  shall  also  make  the  aifsionptioii  that  in  tourmaline  the 
vectors,  or  linear  vector  operators,  which  should  stand  for 
K,  fj,,  and  C,  may  be  represented  with  sufhcient  accuracy  by 
assigning  to  these  quantities  the  values 

Ki,     Ko,     K3, 

f^U        f''?.)         /^3j 
Ci,        C2,        C3, 

for  their  respective  values  as  measured  in  the  directions  of 
X,  ?/,  and  ~. 

We  may  then  write,  neglecting  functions  of  J,  which  in  the 
case  of  periodic  disturbances  can  at  most  be  a  linear  function 
of  the  time, 

d¥  .      ,.   clr¥ 


^TT/XiCi-^   +/ilKi 


clt 


^  +  V'F  =  0, 


4^/.,C/^+^2K/^-HV^O=0,  ). 


47r/A3C; 


dt 
dB. 

''lit 


de 

+  /.3K3^  +  V^H  =  0. 


(2) 


Since,  however,  we  are  going  to  deal  only  with  disturbances 
in  the  plane  {xy)  propagated  along  the  axis  of  z,  we  may  sim- 
plify the  above  to  the  following  form  : — 


A         f-'^^  ^       IZ     ^^'F         d'¥      ^ 


^TTfl^G 


AlTfl^Cs 


dt 
dG 

cm 

dt 


-fTT  d'G     d'G     ^    ■ 


df 


dz'' 


(3) 


=  0. 


com- 


Or,  in  words,  the   rate  of  change  in  the  transverse   

ponents  of  electi-omotive  force  as  the  wave  advances  along  the 
axis  of  z  is  expressed  as  the  sum  of  two  time-functions  of  the 
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corresponding  components  of  vector-potential — one  of  these 
functions  varying  with  the  electric  conductivity  of  the  medium, 
the  other  with  its  dielectric  capacity,  and  both  being  propor- 
tional also  to  the  magnetic  inductive  capacity. 

12.  We  have  now  four  possible  cases  to  consider: — 

(i)  where  K  is  very  great  and  C  relatively  negligible,  as  in 

non-conducting  media  ; 
(ii)  where  C  is  great  and  K  relatively  small,  as  in  true  con- 
ductors of  electricity ; 
(iii)  where  C  and  K  are  magnitudes  of  comparable  order, 

but  having  diflferent  values  in  different  directions. 
(iv)  where  /x  has  values  diflfering  appreciably  in  different 
directions. 

Although  from  Pliicker's  experiments  (see  §  7  ante)  it  ap- 
pears that  fi-i  and  ixo  cannot  be  regarded  as  equal,  yet  their 
values  are  both  approximately  so  nearly  equal  to  unity  that  we 
are  not  in  a  position  to  discuss  case  (iv). 

13.  Case  i.  (^Non-conducting  Substance),  C  =  0. 
Equations  (2)  become 


7    2    ^7 

df 


(4) 


whence 


/^sK; 


1 


'  df 


=  0: 


dz-"  ~ 

d'G 
ch'  ~ 

cPG 
'  df  ' 

(5) 


whence  it  follows  that  a  plane  wave  in  the  plane  {xy), 
whose  electric  displacements  are  parallel  to  x,  is  propagated 
with  velocity  Yj ;  whilst  displacements  parallel  to  y  are  pro- 
pagated in  a  wave  whose  velocity  is  Y^  with  the  following 
values : — 


V,= 


(6) 


This  agrees  with  the  known  fact  that  a  wave  of  light  is  split  on 
passing  through  the  crystal  into  two  portions  whose  vibrations 
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are  respectively  at  right  angles  to  one  another,  and  which 
move  -svith  different  velocities. 

Now  assuming,  as  above,  /ii  =  /u.2=l,  we  have 

Vi      •K,      P,'       ^^> 

where  p^,  pi  are  respectively  the  indices  of  refraction  for  ordi- 
nary and  extraordinary  rays. 

Billet  gives  {Optique Phjsique,\).  619)  the  following  values 
for  the  refractive  indices  of  difierent  specimens  of  tourma- 
line:— 


Colour  of 
ray. 

Eay  used. 

Ordinary 
index  (oj). 

Extraordinary 
index  (p,).  ' 

P?. 
Pi' 

Colourless  ... 
Green 

EayD    

RayD     

Eed  ray 

Eed  ray 

1-6366 
1-6408 
1-6415 
1-6435 

1-6193 
1-6203 
1-623 
1-6222 

1-0107 
101265 
101311 
101313 

Greeu-blue... 
Blue   

Mean 

1-6406 

1-6212 

10120 

14.  From  these  we  deduce  for  the  two  velocities  of  light  in 
tourmaline: — 

Ordinary  Ray. 

-TT-      3  X  10^°  cm.  per  sec.      i  o^o^     mm 

Vs— TTflor =1-8286  X  10"  cm.  per  sec; 

and 

Extraordinary  Ray. 

^j       3  X  1 0^"  cm.  per  sec.      -,  oca^      iaio 

Vi= vcnk =  1*8504 X  10"  cm.  per  sec. 

15.  The  two  corresponding  dielectric  capacities  should 
therefore  be 

Ki=/3^=  2*6283  in  direction  parallel  to  crvstallographic 

axis, 
K2=/32  =  2*6792  in  direction  perpendicular  to  crystallo- 

graphic  axis. 

I  am  not  aware  of  any  experimental  determination  of  these 
quantities  having  been  made. 

16.  Case  ii.  (Conducting  Jfedium). 

Here  "^  =  0,  and  we  may  neglect  the  terms  containing  K  ; 
for,  though  K  >  1 ,  C  is  by  hypothesis  much  greater,  and  the 
terms  containing  C  are  therefore  those  by  which  the  mode  of 
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propagation  of  electric  displacements  in  the  medium  are  repre- 
sented.    So  the  equations  (3)  become 

4-/^A§-^=0,  \ (8) 

which  are  not  the  equations  of  any  kind  of  AA-ave-propagation, 
but  represent  as  going  on  in  the  plane  (.rj/)  the  diffusion  of 
electricity  by  conduction  through  the  medium  at  logarithmic 
rates  whose  values  along  the  x  and  y  axes  are  proportional  to 
— /ijCi  and  —  jJ'iQi  respectively;  that  is  to  say,  the  disturbances 
will  be  propagated  just  in  the  same  fashion  as  heat  would  be 
in  a  medium  whose  thermal  conductivities  and  specific  heats 
had  different  values  in  different  directions.  The  spread  of 
electricity  in  this  case  resembles  therefore  that  of  the  spread 
of  heat  in  a  thin  film  when  the  heat  starts  at  a  point  and  dif- 
fuses around.  In  its  generality  the  case  is  therefore  compa- 
rable, as  Maxwell  points  out,  to  that  of  which  Fourier  gave 
the  complete  solution  (art.  384,  '  Analytical  Theory  of  Heat,' 
p.  382,  Freeman's  translation),  for  the  diffusion  of  heat  in  all 
directions,  where  the  temperature  is  represented  by  the  triple 
intesrral 


Iff 


in  which,  if  we  write  ?'=\/(a  — .?-)-  +  (/3  —y)-  +  (7  —  ^)",  the  ex- 
ponential e~  '■'Z^'''  will  represent  the  value  contributed  to  the 
mean  temperature  at  the  point  (.r,  y,  -)  whose  distance  from 
the  origin  is  r.  In  the  present  case  of  diffusion  of  electric 
currents  in  the  plane  (.''y),a  similarly  constructed  double  inte- 
gral may  be  employed  to  represent  the  distribution  of  vector- 
potential,  the  quantity  symbolized  by  A-  (the  coefficient  of  the 

intrinsic  rate  of  diffusion)    being   replaced  by ^    and 

-. T^  in  the  exponential. 

Now,  where  the  whole  energy  of  the  electromagnetic  dis- 
turbances is  thus  converted  in  the  conducting  medium  into 
the  energy  of  currents  ditfused  through  its  substance,  no  wave 
will  be  propagated;  or,  as  Maxwell  has  shown,  the  substance 
will  be  opaque  to  light,  the  energy  of  the  diffused  currents 
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being  frittered  away  into  heat  within  the  conducting  medium 
by  reason  of  the  resistance  encountered. 

17.  Case  iii.  {Medium  possessim/  both  Dielectric  Inductive 
Capacity  and  Conductivity,  the  values  of  K  and  C  bei7if/  of 
comparable  ordei' of  magnitude,  but  having  different  values  in 
different  directions). 

We  have  (from  §  11)  the  equations 

,        „  r/F   ,      „  cf-F      d'F 
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F  and  G  being  the  components  of  vector-potential  in  the  x  and 
y  directions  respectively,  the  problem  is  to  determine  at  what 
rate  these  will  be  diminished  by  absorption  in  passing  through 
a  given  thickness  c  of  the  medium  when  the  conductivities 
per  unit  volume  in  those  directions  arc  respectively  Ci  and  Cg* 
The  proportion  borne  by  the  transmitted  electromagnetic  dis- 
placements of  the  luminous  wave  to  the  original  displacements, 
after  traversing  a  thickness  z  of  the  crystal,  will  (neglecting 
the  small  proportion  lost  by  surface  reflexion)  be  expressed  by 
an  exponential  of  the  form 

where  j^  is  the  coefficient  of  absorption.  This  coefficient  Max- 
well has  calculated  (art.  798)  for  the  case  of  isotropic  conduct- 
ing media,  from  the  general  fundamental  equation,  on  the 
assumption  that  the  disturbance  maybe  expressed  as  a  circular 
function  of  the  form  cos  {nt  —  gz).  Following  tbe  lines  thus 
laid  down,  we  will  write: — 

27r 
F  =  e-Pi'  cos  ^-  (Yit—z), 


G=e-P^^cos?^{Y,t-z), 


(9) 


where  pi  and  ^:>2  are  coefficients  of  absorption  in  the  x  and  y 
directions  respectively,  and  where  Yj  and  Yg  are  the  two  velo- 
cities of  propagation  (see  §  13),  and  where  \i  and  Xg  «re  the 
corresponding  lengths  of  waves.     Now,  putting 
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and 


whence 


(11) 


(12) 


we  may  write  equations  (9)  in  the  form 

F=e--cos(,M-?:--),|      _     _ 

G  =  e-P^"  cos  {nc^t  —  q^z);  )  ^     ' 

in  which  case  the  expressions  (9)  will  satisfy  the  differential 
equations  (3),  provided  that 

It  follows  at  once  that  the  coefficients  of  absoi'ption  are 
p,  =  2.^,C>V„| 

j92  =  27ryU.2^V2--' 

Here  Ci  and  C2  are  volume-coefficients  of  conductivity,  and 
would  require  to  be  replaced  by  their  values  //^rBiand^/Z^Ea 
if  a  given  rectangular  plate  of  the  substance,  of  length! 
(parallel  to  .i"), breadth  i,  and  thickness  5;,  were  measured,  and 
found  to  have  resistances  of  Kj  and  Eg  respectively  in  direc- 
tions parallel  to  x  and  y.  In  the  actual  case  of  the  tourmaline, 
however,  in  which  no  measurements  of  resistance  have  yet 
been  made,  the  volume-conductivities  Ci  and  C2  may  stand  for 
conductivities  in  general.  And  the  proportions  of  the  incident 
(unpolarized)  light  transmitted  by  the  crystal  will  be  as 
follow : — 

Ordinary  ray  (polarized  in  a  plane  (ac)  of  principal  sec- 
tion ;  electric  displacements  parallel  to  y,  magnetic  displace- 
ments parallel  to  x), 

proportion  transmitted  =e~^^2*  =  6—*'^'^2*^^"^'2^ 

Extraordinary  ray  (polarized  in  a  plane  {yz)  perpendicular 
to  the  optic  axis  ;  electric  displacements  parallel  to  x,  mag- 
netic displacements  parallel  to  y), 

proportion  transmitted  =e~^^i^=e~'*'''^|^"^''^ 
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If  0  represent  tlie  intensity  of  the  transmitted  ordinary  ray 
and  E  that  of  the  transmitted  extraordinary  ray,  ^vc  have 

E==7=^^.' ^^^'^ 

whence 

iogO_MLVi  n7^ 

logE      /^AV2 ^   ^ 

Now  the  ratio  of  Yj  to  Yo  is  known  (§  14),  tlie  velocity  of 
the  ordinary  ray  X^  being  to  that  f)f  the  extraordinary  ray  Yj 
in  the  ratio  1*8286  to  1"8504.  If,  therefore,  the  magnetic  per- 
meability were  eqnal  both  along  and  across  the  axis  of  the 
crystal,  and  if  the  electric  conductivity  were  equal  in  both 
directions,  the  relative  intensities  of  the  two  transmitted  rays 
would  depend  only  on  the  relative  velocities  ;  and  as  Y^  is 
greater  than  Yo,  the  ordinary  ray  should  be  more  freely  trans- 
mitted than  the  extraordinary  ray,  which  is  contrary  to  obser- 
vation.    The  conductivities  therefore  cannot  be  equal  in  fact. 

Billet's  values  (§  13)  for  the  refractive  indices  of  tourma- 
lines of  different  colours  show  slight  differences,  the  colourless 
tourmaline  being  apparently  a  little  less  refringent  than  the 
coloured  crystals.  As  in  this  case  there  was  no  opacity,  the 
presumption  is  that  both  Cj  and  C,^  were  =  0.  If  the  fact 
were  confirmed  by  observation  generally  that  the  index  of 
refraction  is  less  in  crystals  exhibiting  no  coloration,  we 
should  be  obliged  to  consider  K  as  no  longer  independent  of 
C  in  the  general  equations  of  electromagnetic  disturbances  ; 
and  Y,  which  is  taken  =(/iK)-^,  would  require  a  more  com- 
plicated formula  for  its  complete  expression. 

18.  If.  an-ain,  either  the  coefficient  of  magnetic  induction  or 
the  conductivity  be  greater  along  the  axis  of  the  crystal  than 
across  it,  then  the  ordinary  ray  should  be  transmitted  more 
freely  than  the  extraordinary.  This  is  not  the  fact  with  any 
iounnalines;  it  is  always  the  ordinary  ray  which  suffers  the 
greater  absorption. 

As  I  understand  Pliicker's  experiment  on  the  diamagnetism 
of  tourmaline  (§  7  ante),  the  crystal  examined  by  that  dis- 
tinguished physicist  possessed  a  greater  magnetic  inductive 
capacity  in  a  direction  across  the  crystallographic  axis  than  in 
the  direction  of  that  axis.  If  this  observation  were  also  con- 
firmed for  tourmalines  in  general,  we  should  have  some  reason 
to  expect  that  crystals  ])ossessing  electric  conductivity,  even 
if  the  conductivity  Avere  equal  in  all  directions,  should  shoAV 
greater  absorption   for  the  ordinary  ray;  for  if  C\  =  C2,  equa- 
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tion  (15)  becomes 

log  0  _  /xiVi  .  g 

logE-/.,V2 ^     ^ 

But  /ii  and  /i^  are  so  nearly  equal  to  1  in  all  cases  hitherto 
observed,  that  the  ratio  of  /Xj  to  fi^  is  far  less  than  that  of  V2 
to  Vj;  and  therefore  the  greater  opacity  to  the  ray  cannot  be 
accounted  for  on  the  supposition  that  it  depends  on  differences 
in  the  magnetic  inductive  capacity. 

19.  There  appears,  then,  to  be  no  other  explanation  of  the 
observed  opacity  of  coloured  tourmaline  crystals  for  rays 
polarized  in  a  principal  plane  of  section  than  that  afforded  by 
the  hypothesis  that  the  electric  conductivity  is  greater  in  direc- 
tions at  right  angles  to  the  crystallographic  axis  than  along 
it.  One  fact  of  some  importance  bearing  upon  this  point  is 
an  observation  which  I  have  made,  that  the  more  opaque  the 
crystal  in  general  the  greater  is  the  inequality  of  absorption 
of  the  ordinary  and  extraordinary  rays.  The  green  tourma- 
line "  C  "  in  my  possession,  which  is  about  2  millim.  thick, 
transmits  both  rays  partially;  but  cuts  off  about  three  fourths 
of  their  intensity  from  ordinary  rays,  and  above  half  their 
intensity  from  extraordinary  rays.  It  is  about  30  millim.  in 
length,  and  appears  to  be  perfectly  opaque  in  that  direction. 
On  the  other  hand,  a  slice  of  a  jet-black  tourmaline,  the  pro- 
perty of  University  College,  Bristol,  not  more  than  0*2  millim. 
in  thickness,  is  perfectly  opaque  to  the  ordinary  ray ;  but  it 
transmits  extraordinary  rays  at  about  half  of  their  intensity. 
Not  only  nmst  the  conductivity  as  a  whole  be  higher  in  the 
latter  case,  but  the  ratio  of  the  two  conductivities  must  be 
higher  in  the  latter  than  in  the  former ;  and  the  transverse 
conductivity  must  be  greater  than  the  longitudinal.  The 
latter  crystal  was  too  small  to  permit  of  verification  of  these 
inferences  by  direct  experiment. 

III.  Electric  Couiluctivlty  of  Tonrinaline  Crystals. 

20.  The  conducting-power  of  the  tourmaline  for  electricity 
is  very  feeble ;  and  the  only  determinations  that  have  been 
made  of  its  relative  conducting-powers  in  longitudinal  and 
transverse  directions  are  determinations,  not  of  the  flux  of  elec- 
tricity through  a  slab  or  film  of  the  substance,  but  of  the 
superficial  conductivity  along  a  face  of  the  crystal.  This 
superficial  conductivity  has  been  examined  by  two  slightly 
different  processes,  by  de  Senarmont*  and  by  Wiedemannf. 

21.  De  Senarmont's  process  consisted  in  covering  the  face 

*  Ann.  de  CHiim.  et  de  Phi/s.H^  serie,  t.  xxviii.  p.  257. 

t  Ibid.  t.  sxix.  p.  229 ;  and  Pogg.  A7in.  Ixxvi.  p.  404,  and  Ixxa  ii,  p.  534. 
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of  the  crystal  witli  tinfoil  throuoh  which  u  truly  circular  hole 
had  been  puncheil.  The  foil  was  tixed  over  the  crystal  with 
gum  or  varnish,  and  -was  connected  to  earth.  At  the  centre 
of  the  exposed  circle  a  metallic  point  was  fixed  in  an  insula- 
ting supj)ort;  and  by  this  means  the  electricity  stored  in  a 
Leyden  jar  could  bo  made  to  flow  across  the  circular  space 
from  the  centre  to  the  circumference.  With  powerful  dis- 
charges from  a  Leyden  battery  sparks  leapt  along  the  crystal 
face^  leaving  a  permanent  trace  along  the  path  of  least  resist- 
an(;e.  Later  experiments  were  conducted  in  a  partial  vacuum, 
"svhen  the  discharge  took  place  quietly  in  luminous  streaks  of 
a  pale-violet  colour  along  that  diameter  of  the  circle  which 
corresponded  to  best  conductivity  along  the  surface. 

The  crystals  operated  upon  by  de  Senarmont  were  three 
black  tourmalines  from  Greenland,  in  the  collection  of  the 
Ecole  des  Mines,  having  plane  mirror-like  faces  tangential  to 
the  lateral  edges  of  the  primitive  rhombohedron  and  slightly 
striated  ("  stries  ii  peine  sensibles").  With  circles  of  three 
different  sizes,  de  Senarmont  found  the  maximum  conduc- 
tivity to  lie  in  a  direction  parallel  to  the  axis. 

22.  Wiedemann's  process  consisted  in  producing  an  electric 
"  figure  "  upon  the  surface  of  the  crystal,  which  was  dusted 
over  with  powdered  sulphur,  or  lycopodium,  or  red-lead,  and 
then  exposed  to  the  discharge  of  electricity  from  a  finely- 
pointed  conductor  close  to  the  surface.  The  powder  was 
repelled  from  the  point,  and  heaped  itself  all  round  a  clear 
space.  Li  the  case  of  equal  conductivities  this  space  was  a 
circle ;  in  the  case  of  unequal  conductivities  an  ellipse  whose 
major  axis  indicated  the  greater  conductivity.  Wiedemann 
only  examined  one  specimen  of  tourmaline.  He  states  that 
"  on  the  faintly  striated  prismatic  faces  of  the  crystal  em- 
ploj-ed,  the  larger  diameter  of  the  electric  figure  sho^vs  itself 
parallel  to  the  principal  axis."  He  adds,  that  in  the  case  of 
other  optically  negative  crystals  (including  calc-spar)  the  elec- 
tric conductivity  is  greater  along  than  across  the  axis.  (He 
notes  rntile  as  an  exception.)  But  he  appends,  as  a  general 
conclusion,  that  the  electricity  is  propagated  in  crystals  more 
rapidly  in  that  direction  in  which  the  propagation  of  light  is 
the  more  rapid  ;  which  dictum  exactly  contradicts  his  own 
observations  on  calc-spar  and  on  tourmaline,  in  which  the 
velocity  of  the  extraordinary  ray  is  greater  than  that  of  the 
ordinary  ray 

23.  Now,  if  we  are  to  accept  these  observations  on  the  super- 
ficial conduction  of  natural  tourmaline  crystals  with  striated 
faces  as  establishing  the  electric  conductivity  of  tourma- 
line to  bo  a  maximum  alone;  the  axis  and  a  minimum  across 
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it,  we  shall  have  to  admit  that,  of  all  substances  examined, 
tourmaline  forms  the  solitary  exception  to  the  rule  that  the 
thermal  conductivity  and  the  electric  conductivity  of  sub- 
stances go  together  imri  passu*.  There  is  no  uncertainty 
as  to  the  thermal  conductivity  of  tourmaline,  its  transverse 
conductivity  being  about  twice  as  great  (see  §  8  ante)  as  its 
longitudinal  conductivity. 

24.  Both  observers  stated  that  the  faces  of  the  crystals  were 
striated.  De  Senarmont  appeared,  indeed,  to  think  that  natural 
striation  interfered  less  with  the  regularity  of  conduction  than 
the  invisible  striations  of  an  artificially  polished  facef.  I  am 
inclined  to  think  from  my  own  observations  that,  on  the  con- 
trary, the  natural  striations  of  the  crystal  greatly  affect  the 
conditions  of  surface-conductivity.  I  have  repeated  both 
methods  of  experiment  upon  tourmalines  with  natural  and 
with  artificially-cut  faces.  In  the  former  case,  the  crystals 
tried  were  black  striated  crystals  from  Norway.  They  showed, 
as  did  the  crystals  used  by  de  Senarmont  and  by  Wiedemann, 
a  lono-itudinal  conductivity  hiffher  than  the  transverse  con- 
ductivity.  I  cleaned  one  of  these  crystals,  first  with  hydro- 
chloric acid,  and  then  by  rubbing  its  surface  in  boiling  paraflSn. 
When  cold  it  was  carefully  cleaned  with  a  piece  of  dry  leather, 
and  the  experiments  were  repeated.  De  Senarmout's  method 
now  showed  a  transverse  conductivity,  while  Wiedemann's 
method  gave  an  indecisive  result. 

25.  I  therefore  tried  another  method,  as  follows  : — A  small 
circular  drop  of  pure  olive-oil  was  deposited  upon  the  middle 
of  the  face  of  the  crystal.  A  pointed  needle  held  in  a  non- 
conducting support  was  fixed  centrally  above  it,  and  then  the 
knob  of  a  charged  Leyden  jar  was  cautiously  approached. 
The  oil-drop  spread  out  somewhat  irregularly  across  the  sur- 
face; and  at  its  centre  appeared  a  clear  space  from  which  the 
oil  was  repelled.  This  clear  space  was  distinctly  elliptical, 
the  major  axis  of  the  ellipse  being  transversely  placed  across 
the  axis  of  the  crystal.  The  natural  striations,  however,  ren- 
dered the  form  irregular.  When  the  artificially-cut  green 
tourmaline  ("C")  mentioned  in  §  19  was  employed,  the  ellip- 
tical space  in  the  centre  of  the  oil-drop  was  much  more  satis- 

*  See  Tait,  Trans.  Roy.  Soc.  Edinb.  1878,  where,  however,  it  appears 
that  German  silver,  while  superior  in  thermal  conductivity  to  lead,  is 
inferior  to  that  metal  in  electric  conductivity,  being  the  single  known  ex- 
ception to  Forbes's  rule. 

t  "  Quant  aux  stries  et  aux  asp^rites  natui-elles,  elles  ne  semblent  paa 
avoir  une  influence  appreciable  tant  qu' elles  ne  sout  pas  extremement  pro- 
noncees.  J'ai  done  autant  que  possible,  pour  etre  sur  des  resultats, 
cherche  a  operer  sur  des  faces  naturelles  ou  obtenus  par  le  clivage."  Loc. 
cit.  p.  264. 
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factorily  observed.  The  ratio  of  the  minor  axis  to  the  major 
axis  was  not  frreater  than  1  :  2. 

It  is  greatly  to  he  wished  that  some  more  exact  and  more 
reliable  measurements  were  made  of  the  conductivity  of  tour- 
maline in  the  two  principal  directions  along  the  axis  and 
across  it.  Although  these  more  reliable  measurements  are 
still  wanting,  I  am  disposed  to  think  that  my  own  experiments, 
backed  by  the  analogy  of  the  thermal  conductivity  (about 
which  there  is  no  uncertainty  whatever),  are  sufhcient  to 
establish  qualitatively  that  the  electric  conductivity  of  tour- 
maline is  greater  in  directions  at  right  angles  to  the  axis 
than  in  the  direction  of  the  axis.  If  this  be  established,  the 
theory  of  opacity  advanced  above  is  proved. 

26.  There  is,  indeed,  one  other  possible  way  of  accounting 
for  opacity  in  a  homogeneous  medium  besides  the  supposition 
made  above,  that  the  medium  should  possess  electric  conduc- 
tivity of  one  kind  or  another.  This  alternative  way  of  explain- 
ing opacity  supposes  that  a  luminous  oscillation  may  pass  into 
a  caloritic  one  of  the  same  period.  The  vibrations  of  light 
being  regarded  as  due  to  rapid  alternations  in  vector-potential, 
the  particles  of  a  medium  transmitting  the  luminous  waves 
must  be  subjected  to  alternately  directed  electromotive  forces. 
Now  let  there  be  in  the  medium  a  particle  of  matter  whose 
natural  period  of  oscillation  coincides  with  that  of  the  wave. 
This  particle  will  be  subjected  to  alternate  inductions  which 
will  displace  electricity  in  it  from  side  to  side,  the  (electro-) 
kinetic  energy  of  the  movement  changing  to  (electro-) 
potential  energy  and  back  again  to  the  kinetic  form  at  each 
half  swing,  as  in  the  alternations  of  the  swinging  pendulum. 
There  is  no  dithculty  in  understanding  that,  under  this  action, 
the  mass  of  the  molecule  will  be  set  swinging.  It  is  easy 
to  set  a  pendulum,  consisting  of  a  metal  ball  hanging  by  a 
silk  thread,  into  vibration  by  subjecting  it  to  periodic  electric 
inductions  whose  ])eriod  agrees  with  that  of  the  pendulum. 
Thus  the  (electro-)kinetic  energy  of  the  wave  passes  over 
into  the  (pondero-)kinetic  energy  of  the  oscillating  particle  ; 
which  is  merely  another  way  of  saying  that  the  light  is  ab- 
sorbed and  changed  into  heat.  This  action,  however,  can  only 
account  for  absorption  on  the  assumption  that  the  medium  is 
homogeneous,  and  its  individual  particles  themselves  conduc- 
tors. But  if  the  medium  be  homogeneous,  all  its  particles  will 
have  similar  periods  of  oscillation.  This  hypothesis  may 
therefore  account  for  selective  absorption  in  m(>dia,  though  it 
is  not  adequate  to  explain  general  absor[)tion.  If  the  medium 
be  not  homogeneous,  a  thinl  exi)lanation  of  opacity  is  possible. 
In  a  non-hoinofiencoiis  medium  there  is  no  need  to  suppose 
conductivity  to  exist;  fur  heterogeneity  of  structure  affords  in 
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itself  a  possible  explanation  of  electric  absorption  ;  and  if 
electric  absorption  -svere  possible  in  the  medium,  the  variations 
of  vector-potential  would  no  longer  be  propagated  without  loss 
through  the  medium,  any  more  than  they  can  be  through  a 
medium  possessing  true  conductivity.  And  if,  by  reason  of 
structural  differences  in  different  directions  (differences  of 
fibre,  lamination,  cleavage,  and  the  like),  the  degree  of  electric 
absorption  were  different  in  different  directions,  then  such  a 
medium  might  possess  also  a  directed  opacity.  But  such  an 
opacity  would  be  limited  by  the  limitations  of  electric  absorp- 
tion in  general,  and  would  probably  be  quite  distinguishable 
from  the  opacity  arising  from  conduction  in  the  medium. 
Were  electric  absorption  possible,  we  could  no  longer  omit 
functions  of  -^j  the  (scalar)  electric  potential,  from  the  general 
equations  of  electromagnetic  disturbances  assumed  in  §  10 
and  in  the  succeeding  development  of  the  theory. 

27.  The  main  argument  for  rejecting  the  supposition  that 
electric  absorption  can  account  for  opacity  is  derived  from  the 
consideration  that  such  a  medium,  after  having  absorbed 
charges  of  opposed  signs  at  different  surfaces  of  its  heteroge- 
neous structure,  would,  when  left  to  itself,  slowly  recover; 
and  would  give  rise  to  phenomena  of  recovery,  variations  of 
vector-potential  taking  place  in  the  medium  in  inverse  order 
after  the  lapse  of  time.  Whether  this  action  may  furnish  a 
possible  explanation  of  the  phenomena  of  phosphorescence 
(^JVachleuchtunr/),  is  a  suggestion  which  may  be  worth  future 
consideration.  Whether  the  optical  properties  of  tourma- 
line are  to  be  regarded  as  dependent  on  its  conductivity  or  on 
any  other  physical  property,  the  physical  property  on  which 
they  depend  is  certainly  a  directed  property:  and  its  action  is 
such  that  the  crystal  possesses  what  Maxwell  called  "  electric 
elasticity"  in  a  longitudinal  and  not  in  a  transverse  direction. 
Now,  as  those  bodies  which  possess  "electric  elasticity"  are 
observed  for  the  most  part  to  phosphoresce  under  the  impact 
of  electrified  molecules  in  the  negative  glow  produced  in  very 
attenuated  vacua  such  as  Crookes  has  obtained,  whilst  those 
bodies  which  do  not  possess  this  property  do  not  phosphoresce 
under  the  same  circumstances,  I  venture  to  predict  that,  if  a 
slice  of  tourmaline  cut  parallel  to  the  axis  be  found  to  phos- 
phoresce at  all  when  exposed  to  the  negative  discharge,  its 
phosphorescence  M'ill  be  found  to  consist  chiefly  of  rays 
polarized  in  a  plane  at  right  angles  to  the  axis — or,  in  other 
words,  that  it  will  emit  the  same  kind  of  rays  as  it  transmits. 
Whether  this  prediction  be  verified  or  not,  however,  does  not 
affect  the  validity  of  the  theory  of  opacity  of  tourmaline  crj's- 
tals  here  advanced. 
June  4,  1881. 
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XIII.  Electrostatic  Investigations,  especially  relatinfi  to  the 
Division  of  Induction  in  the  Differential  Inchictometer  and 
in  the  Electrojyhorus.     Bij  Dr.  James  IMoser*. 

2he  Differential  Inductometer. 

IN  the  year  1838  Faraday  completed  his  experiments  on 
Specific  Inductive  Capacity,  thus  virtually  repeating  the 
investigations  of  Cavendish,  published  some  sixty  years  before. 
At  the  end  of  his  communication  Faraday  gave  a  description 
of  an  apparatus,  the  "  Differential  Inductometer,"  for  the 
determination  of  such  inductive  capacity. 

This  serves  as  the  point  of  departure  for  the  following  in- 
vestigation ;  but  I  shall  first,  and  chiefly,  consider  the  electro- 
static induction  in  a  single  medium,  namely  the  atmospheric 
air  ;  so  that  the  question  of  "  specific  induction,"  a  question 
involving  more  than  one  medium,  will  be  considered  later. 

Faraday,  in  his  'Experimental  Researches '(§  1307),  de- 
scribes the  above-mentioned  apparatus  as  follows : — "  Three 
circular  brass  plates  about  five  inches  in  diameter  were 
mounted  side  by  side  upon  insulating  pillars.  The  middle 
one  'A'  was  a  fixture;  but  the  outer  plates  'B'  and  '  C ' 
were  moveable  on  slides,  so  that  all  three  could  be  brought 
with  their  sides  almost  into  contact  or  separated  to  any  re- 
quired distance.  Two  gold  leaves  were  suspended  in  a  glass 
jar  from  insulated  wires.  One  of  the  outer  plates,  '  B,'  was 
connected  with  one  of  the  gold  leaves,  and  the  other  outer 
plate  with  the  other  gold  leaf.  Tlie  outer  plates  B  and  C 
were  adjusted  at  the  distance  of  an  inch  and  a  quarter  from 
the  middle  plate  '  A;'  and  the  gold  leaves  were  fixed  at  two 
inches  apart.  '  A  '  was  then  slightly  charged  with  elec- 
tricity, and  the  plates  '  B  '  and  '  C  '  with  their  gold  leaves 
thrown  out  of  insulation  at  the  same  time,  and  then  left  in- 
sulated. In  this  state  of  things  '  A '  was  charged  positive 
inductrically,  and  B  and  C  negative  inducteously ;  the 
same  dielectric  (air)  being  in  the  two  intervals,  and  the  gold 
leaves  hanging,  of  course,  parallel  to  each  other  in  a  relatively 
un electrified  state." 

Faraday  affected  the  relation  of  the  induction  from  A  to  B 
to  the  induction  from  A  to  C  by  the  introduction  of  various 
dielectrics.  I  vary  such  relationship  by  altering  the  distance 
between  B  and  C  from  A.' 

Faraday  brought  a  plate  of  shellac  between  the  middle 
plate  A  and  one  of  the  outer  plates,  B.     Thereupon  the  gold 

*  Communicated  hy  the  Pliysical  Society. 
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leaves  approached  one  another.  The  leaves  again  separated 
when  the  shellac  was  taken  away.  According  to  Faradaj, 
the  attraction  is  due  to  the  increased  induction  where  the 
shellac  is,  causing  A  to  induce  more  negative  electricity  ou 
B.  The  side  therefore  of  B  (and  its  gold  leaf)  furthest 
from  A  becomes  positive.  On  the  other  outer  plate  C  there 
is  less  negative  electricity  induced;  and  the  outer  side  of  this 
plate,  together  with  the  gold  leaf  connected  with  it,  becomes 
therefore  neoative.  Hence  the  gold  leaves  attract  one 
another. 

In  my  experiments  I  employed  three  zinc  plates  of  30  niillim. 
diameter,  and  made  use  of,  on  some  occasions,  a  glass  jar 
(described  above)  having  the  two  insulated  gold  leaves.  Some- 
times, however,  I  used  two  electroscopes,  one  of  which  was 
connected  with  the  one  and  the  other  with  the  other  outer 
plate.  Under  these  conditions  the  kind  of  electricity  which 
was  to  be  found  on  the  plate  was  easily  determined. 

I  should  like  to  be  allowed  to  mention  a  few  details  w^hich 
I  think  are  of  interest  in  electrostatic  investigations.  The 
insulation  of  the  wire  to  which  the  gold  leaves  were  hung  was 
effected  simply  by  passing  the  wire  through  a  tube  of  ebonite 
having  an  external  diameter  of  5  millim.  and  1  millim.  opening. 

In  order  to  avoid  binding-screws,  the  numerous  edges  of 
which  are  troublesome  in  electrostatic  experiments,  connexions 
were  made  by  boring  conical  holes  of  diameters  from  f 
tapering  to  ^  millim.,  and  simply  thrusting  the  wires  into  the 
holes.  No  electricity  must  be  allowed  to  settle  on  the  glass 
of  the  electroscope.  I  therefore  employed  an  ordinary  cy- 
lindrical glass  15  centim.  high  and  10  centim.  wide,  but  led 
round  the  glass,  inside  and  outside,  a  continuous  strip  of  tinfoil 
3  centim.  wide,  parallel  to  the  gold  leaves  and  connected 
Avith  the  earth.  By  this  means  the  electricity  of  the  leaves 
induced  electricity  of  the  opposite  kind  in  the  tinfoil;  and  if 
this  charge  became  too  strong,  the  leaves  touched  the  tinfoil 
and  discharged  themselves.  The  glass  was  provided  with  a 
wooden  cover,  through  which  passed  the  little  ebonite  tube 
enclosing  the  wire.  Each  zinc  plate  was  fastened  to  a  hori- 
zontal Z  made  of  shellac.  The  three  Z's  overlapped  one 
another,  so  that  the  plates  could  be  brought  to  within  1*5 
centim.  of  one  another. 

Division  of  Induction. 

The  three  plates  of  the  differential  iuductometer  are  to  be 

looked  on  as  two  condensers  which  have   one  plate,  namely 

the  collecting-plate,  in  common.     From  this  plate,  as  "  induc- 

tric,"  the  induction  begins,  and  ends  on  the  two  side  plates  as 

K2 
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"  inducteous."  In  this  arran^reinent  the  division  of  the  induc- 
tion corresponds  to  the  division  of  the  current  in  flowing 
electricity. 

But  before  I  proceed  further  -with  the  j)h}sical  considera- 
tions, which  would  appear  hypothetical,  I  shall  deduce  the 
mathematical  from  the  theory  of  potential. 

If  we  look  upon  the  difterential  inductometer  as  formed  of 
two  condensers,  the  total  electricity,  E,  on  the  middle  plate 
consists  of  two  parts,  e^  and  Cj; 

E  =  ^i  +  ^'o (1) 

so  that  ^1  is  the  charge  on  one  plate,  and  e.2  on  the  other. 
The  value  of  each  of  these  is  found  in  the  following  manner. 
According  to  Green*,  if  e  bo  the  charge  on  a  plane  conden- 
ser whose  plates  have  the  surface  S  and  the  distance  r,  and 
if  the  potential-function  on  the  one  is  V,  while  the  other  is 
connected  with  the  earth,  then 

47r;'' 

In  the  derivation  of  this  equation  it  is  assumed  that  r  is 
small  in  comparison  with  the  diameter  of  the  plates,  an  as- 
sumption to  which  I  will  return  afterwards. 

^^^e  will  apply  this  formula  to  the  two  condensers  of  the 
differential  inductometer.  All  three  plates  have  the  same 
surface  S.  The  middle  one  has  the  potential  V;  the  two 
out«r  ones  are  connected  with  the  earth.  Let  the  distance  of 
the  plate  of  which  the  charge  is  ei  be  1\,  that  of  flic  one  with 
charge  e^  be  r^.     Then 

_vs 


and 

and,  aeeordingl}', 


_  YS 

In  other  words,  the  charges  are  inversely  proportional  to 
the  distances.  The  values  of  the  two  charges  are  derived 
immediately  fi-oni  efpiations  (1)  and  (2).    According  to  these, 

E (3) 

2  • 

^3=-^E (4) 

n  +  »-2 

Green,  Essay,  §  8j  Thomson,  Papers,  §  53. 
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These  formuljB,  Avhich  are  the  same  as  those  for  the  divided 
current,  are  only  absohitely  true  for  plates  of  an  iutinite  size. 
They  signify  that  the  inductive  capacities  of  the  two  con- 
densers -which  form  the  differential  inductometer  are  in- 
versely proportional  to  the  distances  of  the  plates.  If  we 
use  the  term  "  inductive  resistance  "  to  denote  the  reciprocal 
of  the  inductive  capacity  in  the  same  way  as  conductivity  is 
the  reciprocal  of  resistance,  then,  in  the  case  of  infinite  plates, 
the  inducti^'e  resistance  is  directly  proportional  to  the  dis- 
tance. In  such  a  case  of  infinite  plates  the  equipotential 
surfaces  are  planes  parallel  to  the  plates,  and  the  tubes  of 
force  are  cylinders  at  riiiht  angles  to  them. 

This  electrostatic  condition  is  converted  into  the  corre- 
sponding electrodynamic  one  if  a  conducting  liquid  is  placed 
between  the  plates.  If,  then,  the  plates  are  kept  at  the  same 
electrical  level  by  (say)  a  battery,  then  a  divided  current 
would  pass  from  the  middle  plate  through  the  liquid  to  the 
two  side  plates;  so  that  the  middle  plate  would  be  an  anode, 
and  the  side  plates  kathodes;  and  the  division  would  then 
take  place  in  such  a  manner  that  the  strength  of  the  two 
branch  currents  would  be  inversely  proportional  to  the  re- 
spectiye  resistances ;  or,  since  the  latter  are  proportional  to 
the  distances,  the  currents  would  be  inversely  as  the  distances*. 
Just  as  we  incur  an  error  when  we  pass  from  the  law  that 
the  divisions  of  the  current  are  inversely  proportional  to  the 
distances  in  the  case  of  infinitely  large  plates,  to  the  case 
where  the  plates  are  simply  very  large,  so  we  incur  a  similar 
error  in  electrostatics  when  we  apply  the  formula  for  infinitely 
great  plates  to  the  inductometer. 

The  case  in  electrodynamics  which  corresponds  to  the 
inductometer  (which  we  regard  as  an  apparatus  for  the 
division  of  induction)  would  be  the  branching  of  the  current 
between  three  round  plates.  If  we  imagine  the  differential 
inductometer  to  be  plunged  into  a  conducting  liquid  and  the 
potentials  to  be  constantly  maintained,  then  a  current  would 
pass  from  the  middle  plate  as  anode  to  the  external  plates  as 
kathodes.  Further,  if  in  both  cases  we  construct  the  system 
of  the  surfaces  of  equal  potential,  then,  if  their  equation  be 

V= constant, 

Y  in  both  cases  (that  is,  by  the  branching  of  the  current  and 
in  the  inductometer)  would  satisfy  the  same  differential  equa- 
tion^  and  the  same  limiting  conditions  must  be  fulfilled.  "We 
should  get  in  both  cases  the  same  system  of  surfaces  of  elec- 
trical level;  and  the  perpendiculars  to  these  surfaces  would 

•  See  Currents  between  Plates,  "Wied.  Gah;  §  116, 
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have  in  the  ono  case  to  be  ref^arded  as  lines  of  force,  and  in 
tlio  other  as  Hnes  of  flow.  The  greater  the  plates  are,  the  more 
nearly  flat  are  the  surfaces  of  electric  level,  and  the  straighter 
are  the  lines  of  force. 

Induction  and  conduction  act,  therefore,  in  the  same  lines. 
If,  in  order  to  fix  our  ideas,  wo  take  spermaceti  as  an  inter- 
vening jilate,  as  Faraday  did,  wo  find,  with  him,  "  s[)ermaceti 
to  be  a  dielectric,  through  v.hich  induction  can  take  jilaco  " 
(Exp.  lk\s.  §  1322).  But  "  spermaceti  is  also  a  conductor, 
though  in  so  Ioav  a  degree  that  we  can  trace  the  process 

of  conduction,  as  it  -were,  step  by  step  through  the  mass 

Here  induction  appears  to  be  a  necessarj^  preliminary  to  con- 
duction" {§  1323).  And  although  Faraday  could  not,  as  we 
have  done,  formularize  the  division  of  the  induction  in  the 
same  way  as  the  branching  of  the  current  is  formularized,  still 
he  had  this  agreement  in  his  mind.  That  he  could  not  formu- 
late this  idea  was  the  reason  why  he  was  misunderstood ;  and 
this  is  the  reason  which  has  induced  me  to  examine  the  point 
more  carefully. 

In  one  case  of  electrostatic  induction  through  the  air 
Faraday  replaced  a  part  of  the  air  by  sulphur,  and  found 
that  the  induction  was  now  greater  than  when  the  air  was 
there  which  the  sulphur  had  replaced. 

He  now  compares  this  case  with  that  of  the  branching  of 
a  current  in  bad  conductors,  one  of  which  he  replaced  by 
a  good  conductino-  Avire.  Then  a  strono-er  current  "would 
flow  through  the  wire  than  flowed  through  the  bad  conductor 
which  it  had  replaced.  And  as  much  less  electricity  would 
flow  through  the  remaining  bad  conductors  as  more  through 
the  wire. 

This  is  the  meaning  of  Faraday's  words,  "  Amongst  insu- 
lating dielectrics  some  lead  away  the  lines  of  force  from 
others  as  the  wire  will  do  from  Avorse  conductors''  (§  1331). 

I  shall,  in  the  following,  consider  some  of  the  applications 
of  this  conception  of  the  inductometer  as  a  dividing  of  elec- 
trostatic induction. 

Method  for  Determining  Inductive  Capacity. 

The  methods  for  determining  electrical  resistance  M'hich  are 
based  upon  division  of  the  current  may  be  transferred  to  the 
measurement  of  inductive  capacity.  In  Whcatstonc's  bridge, 
for  example,  first  given  by  Christie,  we  determine  an  unknown 
resistance  as  a  fourth  pro])ortion  to  three  known  resistances. 
For  this  purpose,  the  current  between  a  point  of  higher  and  a 
point  of  lower  potential  is  divided.  Two  j)oints,  one  on  each 
of  the  branches,  are  found  having  equal   potential.     They 
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divide,  therefore,  the  resistances  of  the  two  branches  in 
like  ratio.  Then  no  current  passes  round  a  galvanometer 
introduced  between  these  points.  In  the  differential  inducto- 
meter the  beginning  of  the  branching  is  the  middle  inductric 
plate,  whose  electric  level  is  Y,  and  the  end  of  the  branching 
is  on  the  two  iuducteous  plates,  where  the  potential  is  zero. 
Between  the  inductric  plate  and  each  of  the  inducteous  plates 
let  us  now  introduce  a  metal  intermediate  plate  of  equal  po- 
tential, so  that  there  are  four  divisions  whose  inductive  capa- 
cities are  proportional  to  one  another  in  pairs.  If  the  induc- 
tive capacity  of  one  of  these  divisions  is  altered  by  introducing 
another  dielectric  than  air,  then  the  capacity  of  the  other  divi- 
sion must  also  be  altered,  in  order  to  restore  the  original  propor- 
tion. The  capacity  of  this  second  division  is  changed  by  alter- 
ing the  distance  between  its  limiting  plates  until  the  original 
equality  of  the  electrical  potential  of  the  two  middle  plates  is 
again  reached.  This  is  recognized  by  finding  that  a  quadrant 
electrometer  connecting  the  two  shows  no  deviation.  Thus 
the  meastirement  of  inductive  capacity  is  reduced  to  measur- 
ing a  length.  This  method  is  essentially  the  same  as  that 
recommended  by  Maxwell  and  Sir  W.  Thomson  to  Mr.  Gordon 
for  his  measurements  of  inductive  capacity,  published  a  year 
ago  (Phil.  Trans.). 

TheoTij  of  the  Electrophorus. 

A  further  instance  of  the  branching  of  induction  is  found  in 
the  electrophorus.  Being  about  to  deduce  its  theory  and  to 
discuss  the  number  of  electrically  effective  layers,  I  shall  start 
from  Faraday's  differential  inductometer.  Such  a  theory  of 
the  electrophorus  as  takes  Faraday's  views  into  account 
has  not  yet  been  given.  Faraday  has  not  developed  it; 
and  the  question  as  to  how  many  layers  are  electrically 
effective  is  not  treated  by  Maxwell,  who  views  the  electro- 
phorus not  as  a  symmetrical  construction  consisting  of  a  plate 
of  ebonite  with  two  movable  metallic  coverings,  but  as  an  un- 
symmetrical  arrangement  consisting  of  a  single  ebonite  plate 
covered  at  the  back  with  metal,  and  having  only  one  movable 
metal  plate. 

In  this  special  manner  we  shrJl  obtain  a  theory  of  the  elec- 
trophorus, and  get  a  fixed  point  from  which  to  view  the  dif- 
ferent theories  based  on  electrical  action  at  a  distance  and 
expressed  in  the  language  of  the  influence  theory.  We  shall 
approach  nearest  to  that  one  of  these  theories  which  has  lately 
been  supported  by  Herr  v.  Bezold  (Pogg.  Ann.  cxliii.). 

The  electrophorus,  as  I  view  it,  is  symmetrical.  It  is  a 
non-conducting  plate  with  two  movable  coverings,  and  can 
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tlius  bo  used  as  a  Franklin^s  disk,  a  Leyden  jar,  or  a  condenser. 
My  electroj)horus  consisted  of  a  circular  ebonite  plate  1*5 
millim.  thick  and  30  centini.  diameter.  The  coverinfrs  were 
of  zinc  and  were  of  the  same  diameter,  one  of  them  bein^  pro- 
vided with  an  ebonite  handle.  For  other  purposes  I  used  three 
plates  of  the  same  shape,  of  thinner  ebonite,  together  with 
other  plates  of  zinc  of  similar  dimensions. 

The  simplest  supposition  is  that  the    ebonite  plate,  lying 
on  the  one  uninsulated  metal   covering,  being  beaten  by  the 
fox's  tail  becomes  negatively  electric.     Then  induction  starts 
from  this  negative   layer  of  this  ebonite  plate  as   inductric 
layer  (inductor).     The  inducteous  layer  {inducendus),  where 
the  induction  ends,  is  the  underlying  uninsulated  metal  plate. 
After  putting  on  and  uninsulating  the  upper  metal  plate,  how- 
ever, the  induction  branches  off  again  from  the  uj)per  nega- 
tive layer  of  the   ebonite  plate  as  inductric  body  (inductor), 
and  extends  to  both  the  metal  plates  as  inducteous  bodies  (in- 
ducendus).    If  there  exists,  as  we  have  supposed,  only  one 
inductric  layer  in  the  electrophorus,  namely  the  negative  one 
on  the  upper  surface  of  the  ebonite  plate,  the  diif'erential  in- 
ductometer  could  be  viewed  as  a  scheme  of  the  electrophorus. 
The  negative  layer  of  the  electrophorus  Avould  be  represented 
by  the  negatively  charged   middle   inductric  plate  of  the  dif- 
ferential inductometer;  and  the  two  metal  coverings  of  the  one 
apparatus  would  correspond  to  the  two  of  the  other.     Further, 
this  similarity  of  the  two  apparatus  appears  still  more  com- 
plete if  we  use  the  differential  inductometer  as  electrophorus 
for  producing  electricity.     Wo  can  uninsulate  the  one  plate 
of  the  differential  inductometer;  and  bringing  the  other  near, 
we  can  draw  out  of  it  a  negative  spark;  then  withdrawing  it, 
we  can  get  a  positive  spark.     But  one  difference  now  presents 
itself,  and  ])roves  the  insufficiency  of  our  last  scheme.     As  to 
the  difterential  inductometer,  it  is  perfectly  indifferent  whether 
we  uninsulate  the  right  outer  plate  and  insulate  and  discharge 
the  left  one,  or  if  we  uninsulate  this  and  change  the  distance 
of  the  right  one.     We  always  get  positive  discharge  from  that 
outer  plate  which  we  have  removed  from  the  negative  middle 
plate.     The  same  kind,  namely  positive  discharge,  after  re- 
moval, must  take  place  if  there  existed  only  one  inductric 
layer.     Then  there  is,  as  Faraday  (§  1255)  has  already  pointed 
cut,  no  difference  as  to  the  kind  of  induction  through  air  and 
that  through  ebonite.     Therefore,  the  ebonite  plate  being  in- 
verted, the  upper  metal  covering  (which  is  now,  however, 
lying  on  the  unrubbed  ebonite  surface)   must  give  positive 
electricity  when  it  is  lifted,  as  the  plate  did  before. 

This,  however,  is  not  the  case.     If  we  turn  the  ebonite  plate 
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over,  the  upper  metal  covering,  on  being  lifted  oflP,  gives  nega- 
tive electricity,  while  formerly  it  gave  positive. 

The  ditferential  inductometer,  -which  gave  positive  in  both 
cases,  is  therefore  not  a  sufficiently  accurate  scheme  to  explain 
why  we  get, 

(1)  when  the  rubbed  surface  is  above,  a  +  spark, 

(2)  when  the  rubbed  surface  is  below,  a  —  spark,  from 
the  lifted  metal. 

The  simplest  completion  of  the  differential  inductometer 
having  only  one  inductor  plate,  to  make  a  scheme  of  the  elec- 
trophorus, is  effected  by  adding  a  second  inductor  plate  (a  posi- 
tively charged  one),  which  corresponds  with  the  underside  of 
the  ebonite  plate.  In  fact,  after  beating,  the  ebonite  plate 
attaches  itself  so  closely  to  the  metal  sole,  that  I  could  hold  the 
sole  vertical  without  the  ebonite  plate  sliding  down.  At  first 
the  negative  layer  of  the  rubbed  surface  induced  positive  elec- 
tricity in  the  metallic  sole.  The  induction  is  followed  by  con- 
duction and  discharge;  a  part  of  the  jiositive  electricity  goes 
over  from  the  sole  to  the  lower  side  of  the  ebonite  plate.  On 
the  other  side  the  negative  electricity  penetrates  deeper  from 
the  upper  surface  into  the  ebonite;  so  that  there  are  two  layers 
on  the  ebonite  plate — a  negative  one  on  the  upper  side,  a  posi- 
tive one  on  the  lower  side.  For  the  understanding  of  the  ques- 
tion, it  is  here  sufficient  to  regard  these  layers  as  plane, 
without  discussing  the  question  of  the  thickness. 

With  the  help  of  these  two  layers  we  have  to  explain  the  two 
observations : — 

(1)  The  +  spark  when  the  metal  plate  is  lifted  from  the 
rubbed  surface; 

(2)  The  —  spark  when  it  is  lifted  from  the  unrubbed  one. 

For  the  proof  of  this  theoiy  we  shall  deduce  further  conse- 
quences from  it ;  and  we  shall  have  to  confirm  these  by  experi- 
ment. The  complete  scheme  of  the  electrophorus  consists  of 
four  plates : — 

(1)  One  negatively  charged; 

(2)  One  positively  charged. 
These  two  are  as  inductric  bodies. 

(3  and  4)  Both  metal  coverings  as  inducteous  bodies  (indu- 
cendus). 

To  be  brief,  we  will  call  the  covering  on  the  rubbed  negative 
surface  of  the  ebouite  plate  "cover;"  that  on  the  other,  positive, 
unrubbed  side,  "  sole;"  so  that  we  have  in  succession 
cover, 

negative  layer, 
positive  layer, 
sole. 
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Let  us  call  b  the  distance  of  the  sole  I'roin  the  positive  sur- 
face, and  (/  the  distance  of  the  cover  from  the  "negative  layer. 

If  c  is  the  thickness  of  the  ebonite  jtlate,  a  layer  of  air 
thinner  in  the  ratio  of  the  inductive  capacity  of  the  ebonite 
(2"2)  would  correspond  to  it,  i.  e.  of  the  thickness 

/_      c 

so  that  in  our  scheme  the  four  metal  plates  would  stand  at  the 
distances 

h,     c',     d. 

The  rubbed  side  may  contain  the  quantity  of  electricity 

and  from  the  sole  the  part 

+  «E 

of  the  induced  quantity  may  have  passed  on  the  unrubbed 
surface: 

\     h    \    c'    \    d    \. 
Sole.     +aE.     -E.    Cover. 

Then,  according  to  the  equations  (1),  (3),  and  (4),  the  quan- 
tity — E  induces  a  total  amount  of  +E,  viz.: — 

In  the  sole.  In  the  cover. 


+  d 


b-^c'  +  d 


E. 


+  6  +  c' 
b  +  c'  -\-d 


E. 


E. 


In  the  same  manner  the  quantity  of  the  lower  side  +  aE  in- 
duces a  total  of  —  aE,  viz.: — 

In  the  sole.  lu  the  cover. 

—  «c'  — «fZ-p  —cub      ^ 

b  +  c'-\-d      '  b  +  c'-\-d 

So  that  all  together  is  induced : — 

In  the  sole.  In  the  cover. 

+  d  —  ac'  —  oi.d  +b  +  c'  —  ab 

b  +  c'  +  d  b  +  c'  +  d 

The  numerator  of  the  electric  quantity  in  the  cover 

+  b  +  c'  —  Cib 

is  always  positive.  That  is,  there  is  always  induced  in  the 
metallic  covering  on  the  side  of  the  rubbed  surface  positive  elec- 
tricity; and  Ave  get,  on  removing  the  ])late,  a  positive  spark. 

On  the  other  hand,  we  recognize  that  the  numerator  of  the 
electric  quantity  in  the  sole 

+  d  —  ac'  —  ad=d(l—a)—ac', 
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etc'  being  constant,  clianges  its  sign  when  d  increases  :  viz.  d 
(that  is,  the  distance  of  the  cover)  being  small,  negative  elec- 
tricity is  induced  in  the  sole,  and  we  get,  on  lifting  the  sole, 
a  negative  discharge.  This  distance  d,  however,  is  small, 
almost  nothing,  if  we  invert  the  ebonite  plate  and  lay  it  with 
its  rubbed  surface  close  to  the  metal  plate.  Then  we  get  from 
the  upper  metal  plate  (the  sole),  on  lifting  it,  a  negative  dis- 
charge. Thus  the  two  phenomena  which  M-e  intended  to  ex- 
plain, (1)  positive  discharge  in  the  original  position,  (2)  nega- 
tive discharge  in  the  inverted  position,  of  the  ebonite  plate,  are 
deduced  from  our  theory. 

The  electvophoriis  contains,  therefore,  tico  inductric  layers — 
oyie  negative,  on  the  xip'per  side,  onej^ositive,  on  the  loicer  side  of 
the  ebonite  plate. 

Experiments  tcith  the  Electrophorus. 

If  the  theory  developed  by  us  is  true,  the  consequence  which 
we  are  about  to  draw"  now  must  be  confirmed  by  experiment. 
According  to  the  last  formula  for  the  numerator  of  the  electric 
quantity  of  the  sole,  positive  electricity  must  be  induced  in  the 
sole  when  the  distance  d  of  the  rubbed  surface  from  the  cover 
is  increased,  so  that  we  get 

d.{l—a)>ac'. 

This  happens  indeed,  as  we  see,  if  we  lay  the  inverted  ebonite 
plate,  not  immediately  on  the  cover,  but  place  it  insulated  some 
height  above  the  cover,  as  Herr  von  Bezold  has  done  already. 
Now  the  other  plate,  the  sole,  being  laid  on  the  unrubbed  sur- 
face, uninsulated  and  lifted,  gives  a  positive  spark.  Whilst 
the  sign  of  the  electricity  of  the  cover  (the  plate  on  the  side  of 
the  rubbed  surface)  is  always  positive,  the  sign  of  the  elec- 
tricity of  the  sole  (the  plate  on  the  side  of  the  unrubbed  sur- 
face) changes.  It  is  positive  when  the  distance  of  the  other 
metal  plate  (the  cover)  from  the  rubbed  layer  is  small ;  on 
the  contrary,  it  is  negative  when  this  distance  is  great. 

In  other  words,  when  the  cover  is  on  the  side  of  the  strono-er 
negative  inductric  layer,  the  induction  of  the  latter  always 
prevails  ;  in  it  positive  electricity  is  induced. 

In  the  sole,  however,  the  nearer  but  weaker  positive  laver 
induces  negative  electricity.  To  this  there  is  to  be  added  the 
positive  electricity  induced  by  the  stronger  but  more  distant 
negative  inductric  layer.  The  more  distant  the  cover  is,  the 
more  positive  electricity  is  i]iduced  in  the  sole  ;  so  that,  the 
distance  of  the  cover  being  large,  more  positive  than  negative 
electricity  can  be  induced. 
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On  the  two  sides  of  the  ebonite  plato  the  sign  of  tbo  dis- 
charge is  differently  atfected. 

1.  The  ebonite  plate  lying  close  to  the  metal  jdate,  the 
other,  lifted,  metal  })late  gives : — 

(a)  The  rubbed  surface  being  above,  a  positive  discharge; 
{b)  The  unrubbed  surface  being  above,  a  negative  discharge. 

2.  The  ebonite  plate  lying  some  height  above  the  metal 
plate,  we  get,  on  the  contrary,  quite  indifferently,  whether 
(a)  the  rubbed  surface  is  above,  or  (/*)  the  unrubbed  surface, 
in  both  cases  positive  discharges. 

Thus  we  have  the  means  of  recognizing  not  only — 

(1)  on  which  side  an  ebonite  plate  is  charged  positively, 

(2)  on  which  side  it  is  charged  negatively,  but  also 

(3)  if  it  had  been  charged  originally  negatively  on  the  one 
side  or 

(4)  positively  on  the  other  side. 

For  this  purpose  we  place  the  ebonite  plate  to  be  tested  close 
to  an  uninsulated  metal  plate.  Then  we  put  a  second  metal 
plate  on  the  ebonite  disk,  uninsulate  it,  and  try  the  electricity 
induced  in  it  ;  the  opposite  one  exists  in  the  upper  surface 
of  the  ebonite  plate. 

The  ebonite  plate  is  now  inverted,  ])ut  again  close  to  the 
uninsulated  metal  plate,  and  the  kind  of  electricity  of  the  other 
surface  of  the  ebonite  plate  is  determined  in  the  same  manner. 
Thereby  Ave  learn  which  kind  of  electricity  exists  in  each 
surface. 

Now  the  ebonite  plate  is  tested  at  some  height  over  the 
metal  plate,  at  first  in  the  original,  then  in  the  inverted  posi- 
tion ;  it  is,  however,  to  be  lifted  so  high  that  in  both  cases  the 
same  kind  of  electricity  is  induced.  Then  the  plate  contains 
a  surplus  of  the  o])posite  kind,  and  has  been  charged  with  it 
originally  on  that  side  on  which  according  to  our  trial  it  exists. 

Adding  the  two  quantities  of  electricity  which  we  have 
found  induced  in  the  sole  and  in  the  cover,  we  get,  in  accord- 
ance with  our  supposition, 

-E(l-«). 

The  greater  the  quantity  Avhich  is  induced  in  the  cover,  the 
less  is  induced  in  the  sole,  and  vice  versa.  If  we  join  the  cover 
with  one  electroscope  and  the  sole  with  another,  both  electro- 
scopes show  a  divergence  on  moving  one  of  the  ])lates,  but  in 
opposite  senses. 

Through  a  conducting  wire  from  the  cover  to  the  sole  there 
flows  a  current  on  moving  one  of  the  plates;  so  that  the  quan- 
tity which  flows  to  the  sole  has  left  the  cover;  whilst  in  the 
electrophorus  itself  between  sole  and  cover  (/.  e.  in  the  re- 
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maining  part  of  the  circuit)  changes  of  induction  take  place. 
In  the  ordinary  experiments  with  the  electrophorus  this  con- 
ducting wire  is  represented  by  the  earth,  the  base  being  unin- 
sulated. Here  we  can  speak  of  a  circuit  only  with  the  same 
right  as  in  the  case  of  a  telegraphic  battery  with  earth-con- 
duction. If  the  conduction  is  broken  by  insulating  the  sole 
after  having  it  uninsulated,  the  electrophorus  is  without  effect. 
As  to  the  changes  of  induction  in  the  interior  of  the  electro- 
phorus (which  we  may  imagine  as  a  polarization  of  the  dielec- 
tric), I  will  further  adduce  the  following  experiments  : — 

If  the  ebonite  plate,  put  on  the  uninsulated  base,  is  strongly 
excited,  it  attaches  itself  to  the  base.  If  now  the  cover  is  put 
on  and  both  metal  plates  are  uninsulated  at  the  same  time,  it 
attaches  itself  to  the  cover,  so  that  we  can  lift  the  plate 
by  means  of  the  cover.  A  current  of  positive  electricity  has 
flowed  at  the  moment  of  uuinsulatin(T  from  the  sole  through  the 
outer  conducting  wire  to  the  cover.  Before  the  current  has 
flowed,  the  induction  (polarization)  went  wholly  through  the 
ebonite  plate;  after  the  current  the  inductive  (polarizing) 
effect  of  the  excited  layer  extends,  for  the  greater  part,  through 
the  thinner  interval  of  air  to  the  cover,  and  only  for  a  smaller 
part  of  it  through  the  thicker  ebonite  plate  to  the  sole. 

Finally,  I  may  mention  an  experiment  in  which  branching 
of  induction,  as  well  as  branching  of  conduction,  may  easily 
be  observed.  I  beat  the  ebonite  plate  lying  on  the  uninsulated 
base,  and  put  on  the  excited  surface  of  the  first  another  equal, 
but  not  excited,  ebonite  plate,  and  then  on  this  the  metal  cover. 
This  cover,  being  uninsulated  and  lifted,  gave  positive  sparks, 
just  as  if  there  had  been  in  place  of  the  upper  ebonite  plate  a 
corresponding  layer  of  air.  Immediately  after  this  I  tried 
the  upper  ebonite  plate,  endeavouring  to  use  it  alone  as  the  disk 
of  an  electrophorus.  But  this  trial  did  not  succeed;  the  plate 
was  ineffective. 

Kow  I  repeated  the  experiment,  laid  the  same  plate  again  on 
the  rubbed  surface  of  the  first  ebonite  plate,  put  on  it  also  again 
the  cover,  but  left  the  apparatus  unaltered  during  twelve  hours. 
In  this  case  there  is  ebonite  on  the  two  sides  of  the  inductric 
layer  of  the  ebonite  plate;-  induction  extends  from  this  layer 
through  ebonite  to  the  sole  and  to  the  cover.  In  the  same 
manner  the  conduction — the  penetration  or  absorption  of  elec- 
tricity— must  take  place  to  both  sides;  and  I  expected  that  the 
negative  electricity  would  penetrate  not  only  into  the  lower 
ebonite  plate,  but  would  go  over  to  the  upper  plate  also.  This 
is  indeed  what  took  place.  After  twelve  hours  the  upper  plate 
could  be  used  as  the  disk  of  an  electrophorus.  Both  plates 
gave  now  strong  and,  as  it  seemed,  equal  effects,      As  was 
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to  be  supposed,  the  upper  plate  was  netratively  c]iaro;ed  on  its 
lower  surface,  with  which  it  lay  on  the  inductric  layer,  and 
had  therefore  to  be  inverted  in  order  to  give  similar  discharges 
to  those  of  the  first  plate. 

If  we  fix  our  attention  specially  on  the  upper  ebonite  plate, 
we  find: — 

(1)  That  the  effect  of  induction  through  it  began  almost 
instantaneously  (for  immediately  after  having  laid  this  upper 
plate  on  the  excited  lower  one  I  could  put  on,  lift,  and  dis- 
charge the  cover);  and  that  this  effect  of  induction  had  disap- 
peared also  almost  instantaneously  when  I  tried  to  use  the 
plate  alone  for  the  elect rophor us. 

But,  further,  we  have  seen  (2)  that  slowly  another  inherent 
change  took  place  :  a  penetration  of  electricity  occurred  which 
made  the  plate  more  duringly  effective  as  an  elecfrophorus- 
disk. 


XIV.  Remarhs  on  Thermometry. 
By  Edmund  J.  Mills,  D.Sc.,  F.R.S* 

THE  July  number  of  this  Magazine  contains  an  expression 
of  the  desire  of  Professors  Thorpe  and  Riicker  for  further 
information  on  certain  points  contained  in  a  memoir  by  myself, 
and  recently  published  by  the  Eoyal  Society  of  Edinburgh. 
In  -vdew  of  the  increasing  interest  now  taken  in  thermometry, 
I  am  willing  to  comply  with  their  request ;  but  it  is  only  just 
to  state  that  their  object  would  have  been  gained  at  a  much 
earlier  date  by  a  private  communication,  instead  of  the  much 
longer  and  indirect  method  of  addressing  me  in  the  pages  of 
this  Journal. 

1.  The  Exposure  Correction. — The  results  of  very  many  ex- 
periments with  four  thermometers  have  led  me  to  propose  a 
new  formula  for  this  correction,  viz. 

y  =  («+|3N)(T-0N, 

instead  of  the  ordinary  one 

y=«(T-ON, 

where  «  =  "0001545  ;  for  if  we  regard  «  as  an  unknown 
quantity,  and  determine  it  by  actual  measurements,  we  shall 
find  that  it  is  a  linear  function  of  the  exposure.  Both  a  and 
/3  are  found  to  depend  in  part  on  the  individual  thermometer. 
If  we  put  a7=a  +  /3]Sr,  it  is  easy  to  calculate  when  x  (i.  e.  the 
total  correction  factor)   agrees  first  for  two  or  more  ther- 

*  Communicated  by  the  Author 
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mometers.  I  have  given  a  table  of  such  agreement-points  (N) 
in  the  case  of  four  thermometers  ;  and  if  the  stated  values  of 
N  are  substituted  in  the  four  equations  (also  given) ,  x  has  in 
all  cases  the  same  value.  This  allegation  I  must  distinctly 
repeat ;  but  I  understand  Professors  Thorpe  and  Eiicker  to 
say  that  it  is  unfounded. 

On  page  3  of  the  authors'  commentary,  a  calculation  is 
given  from  which  it  is  inferred  that  "  the  exposure  corrections 
below  100°  C.  are,  in  the  case  of  three  out  of  four  similar 
thermometers,  practically  identical."  The  calculation,  how- 
ever, takes  100°  C,  and  not  any  lower  temperature  ;  and  it 
happens  that  the  correction-fiictors  are  then  rather  close 
together,  while  at  lower  temperatures  (to  which  no  reference 
is  made)  they  are  much  further  apart.  Thus  the  "  favourable 
suppositions  "  are  only  favourable  at  100°  C.  to  my  critics, 
with  whom,  at  that  point,  I  entirely  agree.  At  lower  tempe- 
ratures their  inference  is  clearly  wrong. 

[It  may  be  of  interest  for  me  to  add  that,  with  regard  to 
observational  power,  I  found  myself,  when  in  great  practice 
with  scale -reading,  capable  of  estimating  very  fairly  -^  milli- 
metre. Verifications  of  this  result  were  not  unfrequently 
made  by  kathetometric  comparison ;  but  it  involves  a  higher 
grade  of  accuracy  than  the  Leeds  professors  seem  disposed  to 
allow.] 

My  critics  proceed  thus: — " it  is  impossible  for  the 

correction  for  a  thermometer  with  an  exposed  column  16(3  di- 
visions long  to  be  equal  to  that  of  another  when  no  part  of  the 
column  is  exposed."  But  my  memoir  contains  no  such  state- 
ment. They  have  here  mistaken  the  "  correction-factor  "  for 
the  "correction,"  which  is  a  very  different  thing.  A  correc- 
tion-factor may  be  attributed,  with  perfect  possibility^  even  to 
an  unexposed  thermometer. 

Tlie  authors  next  point  out  a  real  error,  which  I  readily 
admit.  Among  some  thousands  of  calculations  of  which  my 
paper  contains  the  results,  it  appears  that  a  numerical  blunder 
has  been  committed.  Instead  of  multiplying  by  4,  in  a  par- 
ticular conversion,  I  have  actually  divided  by  4.  The  equa- 
tion containing  this  error  has  never  once  been  used  by  myself, 
and  would  instantly  excite  the  suspicion  of  the  most  careless 
person  who  employed  it.  The  mistake  is  thus  of  no  conse- 
quence whatever ;  but  more  than  a  page  of  the  Philosophical 
Magazine  is  gravely  devoted  to  its  discussion. 

2.  Zero  Movements. — The  term  "  ascent "  of  a  zero  has  been 
used  by  me  to  signify  its  movement.  Sign  has  been  ahvavs 
specified,  or  at  least  indicated.  This  is  a  common,  and  indeed 
a  necessary  practice  in  physical  writings.     If  it  has  led  to 
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confusion  in  the  minds  of  my  critics,  I  am  not  prepared  to 
suggest  a  remedy,  and  nmst  leave  their  very  lengthy  disqui- 
sition upon  this  point  entirely  unassailed.  I  should  add  here, 
that  I  have  nowhere  alleged  that  the  motion  of  a  thermo- 
meter's zero  has  any  particular  limit. 

The  remainder  of  the  remarks  of  Professors  Thorpe  and 
Riicker  under  this  heading  comprise  a  short  dissertation 
(page  9)  on  the  prudence  that  should  be  observed  in  applying 
mathematical  expressions  to  represent  the  results  of  experi- 
ment. This  passage  appears  perfectly  clear,  though  perhaps 
not  wholly  novel ;  but  I  have  so  far  failed  to  follow  the  rest  of 
this  section,  that  I  am  unable  to  discuss  it.  Perhaps  it  will 
be  satisfactory  if,  mathematical  formuljB  apart,  I  make  a  st;ite- 
ment  of  matters  of  fact  within  my  own  knowledge. 

When  a  vacuous  mercurial  thermometer  is  heated  to  suc- 
cessively higher  temperatures,  its  zero  continues  to  fall  until 
some  particular  temperature  (say  150°)  is  reached.  After  this 
the  zero  commences  to  rise  (I  must  not  say  "  ascend  "),  as  the 
temperature  increases  to  another  particular  stage  (say  340°). 
Between  these  two  phenomena  there  must  be  a  "  turning- 
point."  As  the  temperature  continues  to  increase,  the  zero 
again  falls  ;  this,  of  course,  involves  another  '•  turning-point.*' 
The  '"rising"  in  the  second  stage  often  amounts  to  as  much 
as  3°  or  4° ;  this  enormous  effect  I  can  attribute  to  no  other 
cause  than  atmospheric  pressure. 

3.  The  remaining  criticisms  do  not,  as  I  conceive,  involve 
the  imparting  of  information.  It  will  therefore  be  sufficient 
for  me  to  reply  that  to  the  statements  made  in  my  memoir  I 
still  strictlv  adhere.  Some  experiments  of  their  own,  referred 
to  towards  the  end  of  their  paper,  are  cited  by  its  authors 
a  propos  of  a  "  rising  zero,"  which  I  have  not  defined  as  they 
suppose. 

Professors  Thorpe  and  Riicker  indicate  that  they  may  have 
occasion  subsequently  to  further  discuss  my  '•  Researches." 
Should  they  thus  honour  me,  I  trust  it  will  be  to  really  essen- 
tial and  important  points  that  they  will  direct  their  attention, 
and  preferably  by  way  of  experiment.  An  obvious  misprint, 
a  slip  in  arithmetic,  a  question  of  mere  nomenclature,  and  the 
like  are  trivialities  unworthy,  in  my  opinion,  of  grave  and 
lengthy  publication. 
Glasgow,  July  1881. 
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XV.  On  a  Wave-apparatus  for  Lecture-Purposes  to  illustrate 
Fresnel's  Conception  of  Polarized  Light.  By  C.  J.  Wood- 
ward, B.Sc* 

[Plate  II.] 

IN  the  ordinary  apparatus  for  illustrating  a  plane  wave,  a 
series  of  cranks  or  eccentrics  are  attached  to  one  axle, 
the  successive  cranks  or  eccentrics  being  turned  through  small, 
but  equal  angles.  Attached  to  the  cranks  or  eccentrics  are 
rods,  each  of  which  is  terminated  by  a  ball,  to  represent  one 
of  the  particles  of  the  wave.  On  turning  the  axle  each  ball 
rises  and  falls  in  succession,  producing  a  plane  wave.  This 
apparatus  is  known  as  that  of  Powell. 

The  arrangement  I  am  about  to  describe  consists  of  two 
such  apparatus,  with  the  rods  connected  together  at  right 
angles  to  each  other.  The  axles  of  the  apparatus  are  linked 
by  a  rod  sothatthey  turn  together;  and,  finally,  an  adjustment 
allows  the  cranks  to  be  placed  relatively  to  each  other  in  any 
desired  position. 

The  apparatus,  divested  of  supports  and  accessories,  is  shown 
in  the  figure,  drawn  in  isometric  perspective.  The  cranks 
6,  5,  4,  3,  &c.  turn  with  the  axle  X.  The  cranks  are 
placed  successively  at  30°  angular  distance,  corresponding  in 
position  to  the  figures  on  a  clock-dial ;  and  as  there  are  twelve 
cranks,  one  complete  wave  is  represented  by  a  single  turn  of 
the  axle. 

On  the  axle  X'  is  arranged  a  precisely  similar  set  of  cranks. 
Around  each  crank  is  put  a  metal  strap  connected  with  a  light 
wooden  rod.  These  rods,  a,  b,  c,  &c.,  a',  6',  c',  &c.,  are  now 
connected  in  pairs  at  their  free  ends  each  by  a  pin ;  so  that 
each  pair  now  resembles  a  pair  of  compasses  with  the  legs  at 
right  angles  to  each  other.  Around  each  pin  is  loosely  wrapped 
a  wire  having  a  bullet-cast  at  one  end ;  and  to  the  other  end 
of  the  wire,  which,  from  the  action  of  the  bullet,  projects  ver- 
tically above  the  rods,  is  attached  a  pearl  bead.  When  each 
pair  of  rods  has  been  thus  treated,  we  have  a  row  of  beads 
representing  the  setherial  molecules  composing  one  wave. 

To  the  axle  X  is  fastened  a  metal  disk,  D,  to  which  is 
attached  near  the  edge  a  pin,  p,  surrounded  by  the  loose 
handle,  H.  On  the  axle  X'  is  a  similar  disk,  but  in  which 
eight  holes  are  drilled  at  45°  from  each  other.  The  holes  are 
all  tapped,  that  the  pin  p',  surrounded  by  the  handle  H',  may 
screw  into  any  one  of  them  as  desired.  A  rod,  E,  connects 
the  two  pinsj9  and^/,  so  that  both  axles  can  be  turned  together. 

*  Communicated  by  the  Physical  Society, 
Phil  Mag.  S.  5.  Vol.  12.  No.  73.  Aug.  1881.  L 
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To  describe  the  action  of  the  apparatus,  it  should  be  pre- 
mised that  the  startintr-point  of  each  crank  is  when  the  crank 
and  rod  are  in  the  same  straipjht  line.  Thus,  regarding  for 
the  moment  the  first  left-hand  crank  only,  it  will  be  at  the 
starting-point,  or  zero,  when  the  crank  6  has  moved  on  45°  to 
the  left.  Similarly  with  the  first  right-hand  crank,  it  will  be 
at  zero  if  moved  back  through  45°  to  the  right;  so  that,  in  the 
position  shown  in  the  figure,  the  left-hand  crank  has  moved 
through  seven  eighths  of  a  revolution,  while  the  right-hand 
crank  has  moved  through  one  eighth  ;  or  the  difference  of 
their  phases  is  six  eighths,  or  three  quarters  ;  and  on  turning 
the  cranks,  a  wave  corresponding  to  circularly-polarized  light 
is  produced,  each  bead  describing  a  circle  in  succession.  Bring 
now  the  cranks  into  the  position  of  the  figure,  unscrew  the 
pin  p\  and,  keeping  the  left-hand  crank  steady,  move  the 
right-hand  crank  to  the  vertical  position  upward.  Now  the 
left-hand  crank,  as  before,  has  made  seven  eighths  of  a  revo- 
lution, but  the  right-hand  crank  five  eighths,  i.  e.  a  difference 
of  phase  of  one  quarter.  On  inserting  the  pin  p'  and  now 
turning  the  cranks,  the  beads  will  describe  the  same  wave  as 
before.  Now  keep  the  left-hand  crank  in  its  first  position  (the 
position  in  the  figure),  remove  the  pin  p',  and  turn  the  right- 
hand  crank  until  it  is  at  45°  from  the  vertical  below  and  to 
the  left.  The  left-hand  crank,  as  before,  has  made  seven 
eighths  of  a  revolution,  the  right-hand  one  two  eighths,  or 
there  is  a  difference  of  phase  of  five  eighths  ;  and  on  now 
inserting  the  pin  and  turning  the  cranks,  the  wave  produced 
corresponds  to  an  elliptically-polarized  ray.  Of  course,  if  the 
difference  of  phase  be  made  one  eighth  or  any  odd  number  of 
eighths,  the  same  kind  of  wave  is  formed.  Again  remove  the 
pin,  keep  the  left-hand  crank  in  its  first  position,  and  turn  the 
right-hand  crank  to  45°  above  the  horizontal  and  to  the  right. 
Insert  the  pin;  and  on  turning  the  cranks  a  plane  vertical  wave 
will  be  produced,  the  cranks  being  in  similar  positions,  each 
starting  at  seven  eighths  of  its  revolution.  Finally,  adjust  the 
right-hand  crank  till  the  difference  of  phase  is  half  a  revolu- 
tion, when  a  plane  liorizontal  wave  will  be  produced  on  turn- 
ing the  cranks. 

I  take  the  opportunity  of  acknowledging  the  assistance  of 
my  pupil,  Mr.  William  Hall,  who  made  several  parts  of  the 
apparatus  in  a  simple  and  ingenious  manner. 
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XVI.  Note  on  Thermal  Conductivity,  and  on  the  Effects  of 
Temperature-Changes  of  Specific  Heat  and  Conductivity  on 
the  Propagation  of  Plane  Heat-Waves.  Bj  Professor 
Tait  *. 

IN  tlie  great  majority,  at  least,  of  investigations  (experi- 
mental or  mathematical)  connected  with  conduction  of 
heat,  it  has  been  assumed  that  the  known  changes  of  specific 
heat  of  metals  do  not  require  to  be  taken  into  account.     Thus 

o 

Angstrom  says,  even  in  his  paper  on  the  Change  of  Conducti- 
vity with  temperature  (Pogg.  ^?i?i.cxviii.  1863): — "  Da  indess 
diese  Verlinderungeu,  soweit  man  sie  kennt,  wenigstens  in- 
nerhalb    der  bei    den   Beobachtungen  vorkommenden  Tem- 

peraturgranzen,  nicht  bedeutend  sind, so  miissen 

dieselben  den  Werth  des  Warmecoefficienten  nur  unbedeu- 
tend  afficiren  konnen."  In  my  paper  on  "  Thermal  and 
Electric  Conductivity"  (Trans.  R.  S.  E.,  1878),  I  said  that 
"  the  change  of  specific  heat  with  temperature  would  increase 
the  values  of  k  at  higher  temperatures,  and  thus  reduce  the 
change  in  conductivity  in  iron,  and  increase  the  small  changes 
indicated  for  the  other  substances."  But  1  had  not  at  hand 
the  means  of  applying  these  corrections.  Recent  discussions 
as  to  the  comparative  merits  of  different  experimental  methods 
have  led  me  to  investigate  the  amount  of  this  effect,  by  the 
aid  of  the  best  data  I  could  procure.  A  comparison  of  these 
seems  to  leave  no  doubt  that  the  specific  heat  of  iron  increases 
by  somewhere  about  y^Q  of  its  amount  for  each  degree  of 
rise  of  temperature,  at  least  from  0°  to  300°  C,  between 
which  limits  the  investigations  of  conductivity  have  hitherto 
been  carried  on. 

Besides  this  result,  which  I  have  gathered  from  various 
scientific  journals,  I  may  adduce  from  my  laboratory  book 
for  1868  the  following  determinations,  which  were  made  with 
great  care  by  the  late  Mr.  J.  P.  Nichol,  by  means  of  the 
method  of  mixtures.  The  nature  of  the  process  employed  is 
such  that  the  results  must  all  err  in  defect,  and  the  moi-e  so 
the  higher  the  temperature.  The  iron  was  heated  sometimes 
in  oil,  sometimes  in  paraffin. 

•  From  the  Proceedings  of  the  Koyal  Society  of  Edinburgh,  17th 
January  and  7th  February,  1881.     Communicated  by  the  Author. 
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Specific  Heat  of  Iron. 
15°  to  100°  C 0-1154-)  Mean. 

0-1127  f  ^,..^ 

0-1158?  ^^1^2 

0-1168) 
15°  to  150°  C 0-1193^ 

0-1189  V         0-1189 

0-1186J 
15°to200°C 0-1208) 

0-1214  V         0-1213 

0-1218J 
15°  to  250^  C 0-12341  ^,^07 

0-1240/         ^'^^"^^ 

15°  to  300°  C 0-12741  ^.07k 

0-1276/         ^^2^^ 
From  the  first  two  of  these  means  we  find  that  the  specific 
heat  at  15°  is  0-109  nearly,  and  that  it  increases  by  -fzXi  ^°^ 
each  degree. 

Now  Forbes's  experiments    on    iron    indicated  that  the 

quantity  -,  the  ratio  of  the  conductivity  to  the  specific  heat, 

diminishes  by  about  gig  part  for  each  degree  from  0°  C.  to 
200°  C.  Hence  it  is  clear  that,  in  this  case  at  least,  the 
alteration  of  specific  heat  cannot  be  neglected  in  estimating 
that  of  conductivity.  For  it  follows  from  the  numbers  just 
given,  that  the  diminution  per  1°  in  the  conductivity  of  iron 
is  really  only  about  55^00  ^^  *^®  whole  amount.  My  own 
experiments  with  Forbes's  bars  gave  an  average  change  of 

-  less  than  that  due  to  the  increase  of  c  alone,  thus  indicating 

^     .  .  .  ° 

an  increase  of  conductivity  with  rise  of  temperature.  Ang- 
strom's result,  on  the  other  hand,  is  considerably  greater  than 
that  of  Forbes  ;  but  the  range  of  temperatures  he  employed 
was  not  above  forty  degrees.  For  reasons  pointed  out  in  my 
paper  above  referred  to,  I  consider  Forbes's  estimate  of  the 

k 
value  of  -,  from  0°  to  150°  C,  to  be  probably  very  near  the 

truth.     In  other  metals  the  change  of  specific  heat  is  usually 

less  than  in  iron.     But  so  is  also  that  of  -      It  would  thus 

c- 

appear  that  we  cannot  yet  state  positively  that  there  is  any 

metal  whose  conductivity  becomes  less   as  its    temperature 

rises;  and  thus  the  long-sought  analogy  between  thermal  and 

electric  conductivity  is  not  likely  to  be  realized. 
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In  the  method  devised  and  carried  out  by  Forbes,  the 
change  of  specific  heat  must  be  attended  to  during  the  calcu- 
lations. Thus  we  cannot,  without  going  over  again  the  whole 
numerical  work  connected  Avith  what  he  called  the  Statical 
Curve  of  Cooling ,  estimate  accurately  what  will  be  the  effect 
of  this  element  upon  the  values  of  the  conductivity.     But  we 

o 

can  easily  show  that  its  influence  upon  Angstrom's  results  is 
to  be  calculated,  at  least  approximately,  by  the  simple  process 
above. 

To  avoid  the  error  introduced  by  supposing  rate  of  surface- 
loss  to  be  proportional  to  v,  we  take  (instead  of  a  bar)  a 
plane  slab  heated  and  cooled  periodically  over  one  surface. 

The  equation  for  the  consequent  distribution  of  temperature 
is 

dv  _  d  /  J  dv  \ 
da  \    dx /  ' 


""dt 


If  we  assume 


C  =  Co(l+«l'), 

where  a  and  /3  are  small  positive  constants,  and  put 

Kq 
K=  —J 
Cq 

V^=U  +  (jO, 

where  w  depends  upon  first  powers  of  a  and  13  only,  higher 
powers  being  neglected,  the  equation  splits  into  two  as  fol- 
lows:— 

du  __    d'^u 

dt~''d?' 


(1) 


For  our  present  purpose  it  is  sufficient  to  take 

u=  —Bx  +  Ce~"*^  cos2K)7i^t—mx, 

which  satisfies  (1),  and  shows  the  ultimate  effect  of  a  persist- 
ent simple  harmonic  application  of  heat  to  one  side  of  the  slab, 
whose  temperature  is  taken  as  our  temporary  zero ;  the  other 
side  being  kept  at  the  temperature  —  Bs,  where  s  is  the  thick- 
ness of  the  slab.  Here  s  must  be  supposed  so  large  that 
Qg-ms  [g  insensible  ;  else  the  value  of  w  would  be  so  complicated 
that  (2)  would  become  unmanageable. 

Substituting  the  above  value  of  u  in  (2)  and  integrating, 
we  obtain  the  value  of  co.     It  consists  of  three  parts. 
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We  have,  first,  terms  containing  a:  only: — 

2       4 

These   terms   show   how   the   mean   temperature   is  altered 
throughout. 

Next,  Ave  have  the  single  term 

fL+l^C'e-2"«cos  {4.Km-t-2mx). 

This  is  a  small  wave  of  half  period,  which  we  need  not  further 
consider. 

Finally,  we  have,  as  the  modification  of  the  original  wave, 

Ce— I  (°^B^+^^^"^+^^B.r^)cos  i2KmH-mx) 

^-r Bx^  sm  {2K7nH  —  7nx)  >  • 

ITiese  terms,  when  combined  with  the  harmonic  part  of  the 
assumed  value  of  it,  may  be  put  in  the  form 

C6~'"i*cos  {2Km^t—m2a;); 
where 


We  thus  see  the  effects  of  the  introduction  of  the  quantities  a. 
and  /3  upon  the  amplitude  and  phase  of  the  wave  ;  and  it  is 
evident  that  they  are  of  the  greater  consequence  the  greater  is 
the  diff'erence  of  mean  temperature  at  the  sides  of^the  slab. 

Hence  the  only  legitimate  mode  of  applying  Angstrom's 
method  is  to  keep  the  mean  temperature  the  same  throughout 
the  slab.     This  can  easily  be  effected. 

It  is  obvious,  moreover,  from  the  values  of  ?«i  and  7^2  above, 

o  .  k 

that  Angstrom's  method  gives  the  value  of  -  for  the  mean  of 

the  mean  temperatures  indicated  by  the  two  thermometers. 
Only  there  is  always  the  extraneous  factor 

4  m 

which  is  usually  very  nearly  unity. 

I  have  worked  out  by  the  above  method  the  case  of  two 
harmonic  waves  (in  the  value  of  ?/),  one  of  half  the  period  of 
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the  other.  New  terms  are  thus  introduced  into  n?i  and  m,. 
They  are  such  as  to  seriously  affect  the  vakies  of  these  quan- 
tities when  X  is  small ;  but  they  rapidly  diminish  by  increase 
of  w. 

If  the  new  term  in  u  be 

the  additional  terms  in  mj  are 

_  ^^  De— 'V2  siQ  X-  ,     ^     ,  -  €-^'  V2  cos  X. 
4?n  Zv/2  — 1  m 

Those  in  w?2  are  formed  from  these  by  making  the  first  term 
positive,  and  interchanging  the  sine  and  cosine  of 

X  =  ?»a'(v'2  +  1)-E. 

o 

It  appears  from  this  investigation  that  Angstrom's  method, 
when  applied  with  proper  precautions,  is  theoretically  capable 
of  giving  very  good  results.  But  it  is  probable  that,  in  prac- 
tice, the  thermometers  will  have  to  be  supplanted  by  thermo- 
electric junctions  and  a  good  dead-beat  galvanometer.  The 
best  thermometers,  when  employed  for  rapidly  varying  tem- 
peratures, work  by  sudden  starts. 

XYII.  Intelligence  and  Miscellaneous  Articles. 

ON  THE  PRINCIPLE  OF  THE  COXSERTATION  OF  ELECTRICITY. 

BY  M.  G.  LIPPMAXN*. 

[Second  Paper,  continued  from  vol.  xi.  p.  475.] 

nPHE  principle  of  the  Conservation  of  Electricity  is  expressed  (see 

-*-     former  article,  Phil.  Mag.  vol.  si.  p.  474)  by  the  condition  of 

integrabihty 

dP_5Q 

d^-dJ '^""^ 

Put  thus  in  the  form  of  an  equation,  the  principle  is  capable  of  new 
applications.  It  provides  the  means  not  only  of  analyzing  certain 
phenomena,  but  also  of  deducing  from  them  the  existence  and  the 
law  of  new  phenomena  which  experience  has  not  yet  made  known 
to  us.     I  propose  to  give  some  examples  of  its  applications. 

As  a  first  example,  I  take  the  phenomenon  discovered  by  M. 
Boltzmann  in  1875.  This  physicist  proposed  to  measure  the  quan- 
tity termed  the  dielectric  poiver  of  gases.  For  this  purpose  he 
attaches  to  a  firm  stand,  under  the  receiver  of  an  air-pump,  two 
parallel  metal  plates,  A,  T,  which  form  the  two  armatures  of  an 
air-condenser.  A  is  insulated  ;  T  is  connected  to  earth.  The  con- 
denser is  charged  to  a  certain  degree  by  placing  plate  A  in  commu- 
nication for  an  instant  with  the  pole  of  a  battery  whose  other  pole 
*  Translated  fr(  m  the  Cojnpfes  Rendus,  May  16,  1881. 
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is  joiued  to  earth  :  then  A  is  insulated.  If  the  pressure  p  of  the 
gas  in  the  receiver  is  now  increased,  it  can  be  demonstrated  that  the 
quantity  of  free  electricity  on  A  is  diminished.  The  insulation 
remains  perfect,  and  the  plate  A  has  not  moved ;  but  the  capacity 
of  the  condenser  has  become  greater  by  the  introduction  of  the  gas 
into  the  previously  exhausted  receiver.  The  effect  is  virtually  the 
same  as  if  the  distance  bet\\'een  the  plates  had  become  I)  times  less. 
The  gas  possesses,  then,  the  property  of  making  the  capacity  of 
the  receiver  D  times  greater  by  its  presence,  U  being  what  is  called 
the  dielectric  power  of  the  gas  under  pressure  j).  M.  Boltzmann 
has  proved  that  D  varies  for  different  gases,  and  for  any  one  gas 
varies  proportionally  with  the  pressure  p. 

Such  is  the  phenomenon  given  by  experience,  and  to  which  we 
will  apply  equation  (a).  For  this  end  let  us  take  for  independent 
variables  the  potential  x  of  the  plate  A,  and  the  pressure  jj  of  the 
gas.     Let  us  write 

dm  =c  iLv  -\-  h  dj), 

where  dm  is  the  quantity  of  electricity  received  by  the  plate  A  when 
A'  increases  by  dx  and  p  by  dp,  and  where  c  is  the  capacity  of  the 
condenser  when  the  gas  is  maintained  at  pressure  p,  and  h  a  coeffi- 
cient which,  according  to  Boltzmanu's  experiments,  is  positive. 
Equation  (a)  becomes  here 

9c  _  97j  ,  ,, 

This  equation  expresses  the  principle  of  the  Conservation  of  Elec- 
tricity. 

In  order  to  complete  the  study  of  Boltzmann's  phenomenon,  we 
must  apply  to  equation  (a)  that  equation  which  expresses  the  prin- 
ciple of  the  conservation  of  energy.  When  the  piston  of  the 
air-pump  in  M.  Boltzmann's  experiment  is  displaced  through  an 
infinitely  small  distance,  the  volume  v  of  the  air  contained  in  the 
apparatus  varies  by  an  amount  dv.  If  we  lay  down  the  following 
equation, 

crE=2''  ^^ — ^  ^"*> 
f?E  will  represent  the  differential  of  the  energy ;  and  it  can  be  de- 
monstrated easily  that  the  principle  of  the  Conservation  of  Energy 
will  be  expressed  by  the  condition  that  c/E  be  an  exact  differential. 
To  write  down  this  condition,  we  must  express  dv  as  a  function  of 
X  and  of  p.     Let  us  put 

dv  =  a  dx-\-hdp, 

a  being  a  coefficient  about  which  we  will  make  no  hypothesis,  h  being 
a  function  of  p  and  perhaps  of  x  also.  We  have  consequently  the 
relation 

drt_96  /,. 

dp      d.r 
Substituting  for  dv  its  value  in  the  expression  of  f/E,  we  have 
dE  —  {ap—  cx)dx  +  (hp~  hx)dp. 
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In  order  that  cfE  may  be  an  exact  differential,  we  must  have 

'd{ap— ex)  _^(bp  —  Tix) 
d])  cLv 

or,  developing  and  comparing  with  equation  (1), 


_  ,{oc_dh\_j^ 


(/3) 


This  equation  (/3)  expresses  the  principle  of  the  Conservation  of 
Energy.     Comparing  it  with  equation  (a),  equation  (|3)  reduces  to 

a=  —h (/3') 

Such  is,  then,  the  result  of  analysis.  The  two  principles  of  the 
Conservation  of  Electricity  and  of  the  Conservation  of  Energy  are 
expressed  by  the  system  of  equations  (a')  and  (/3').  According  to 
experiment,  h  is  a  positive  quantity ;  and  a  is,  by  equation  (/3'), 
always  different  from  zero,  and  negative.  Now  a  is  the  partial 
derivative  of  v  with  respect  to  the  potential  x.  Hence  the  follow- 
ing phenomenon — that  if,  while  the  pressure  is  constant,  the  plate 
A  is  more  and  more  electrified,  the  circumambient  gas  ivill  contract 
under  the  influence  of  this  electrification.  The  application  of  equa- 
tion (a),  then,  makes  us  foresee  a  new  electric  property  of  gases. 
I  say  equation  (a) ;  for  equation  (/3)  alone  does  not  permit  us  to 
conclude  that  a  is  different  from  zero.  The  electric  contraction  of 
gases  has  recently  been  perceived  by  an  able  Ge!rman  experimenter, 
M.  Quincke,  in  an  experiment  upon  carbonic  acid. 

M.  Boltzmann  has  verified  by  experiment  that 

y  being  a  specific  constant  of  the  gas,  and  n  its  refractive  index. 
Introducing  this  result  into  our  preceding  equations,  it  follows 
easily  that 

^v=~\ycy, 

Av  being  the  electric  contraction  of  the  gas,  and  c^  the  capacity  of 
the  condenser  in  vacuo.     And  since  we  have 

it  follows  that 

n-^-l 

or,  in  other  terms,  that  what  we  call  the  "  coefficient  of  electric  con- 
traction "  of  a  gas  is  equal  to  its  ref ractiug-power  for  light. 

Li  the  accompanying  memoir  (presented  to  the  Acadcmie  des 
Sciences)  I  have  applied  the  same  kind  of  analysis  to  various  elec- 
tric phenomena — the  expansion  of  the  glass  of  a  Leyden  jar  during 
charge,  the  electrification  of  hemihedral  crystals  by  compression, 
pyroelectricity  of  crystals.  I  find,  amongst  other  results,  the 
existence  and  the  magnitude  of  the  following  phenomena,  which 
have  not  yet  been  verified  by  experiment : — (1)  The  dielectric  power 
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of  glass  augments  under  the  action  of  a  mechanical  traction ; 
(2)  crystals  possessing  nou-superposable  hemihedry  of  form  change 
their  form  \\  hen  submitted  to  electric  forces,  and  this  deformation 
may  sometimes  be  in  an  opposite  sense  to  that  \^hich  electric  attrac- 
tion would  itself  produce ;  (3)  a  pyroelectric  crystal  is  warmed  or 
cooled  by  the  approach  of  an  electrified  body,  according  to  whether 
the  body  be  positiveh'  or  negatively  electrified. 

The  phenomena  thus  foreseen  are  the  inverse  of  the  phenomena 
from  which  they  are  respectively  deduced.  To  establish  their  ex- 
istence, equation  (a)  is  in  each  case  necessary.  Finally,  we  may 
remark  that  the  sense  of  the  inverse  phenomenon  may  always  be 
defined  by  the  follo^^■ing  rule,  which  is  an  extension  of  that  given  by 
Lenz  for  induction : — The  inverse  plienomenon  is  alwa)/s  of  such  a 
sense  that  it  tends  to  oj^pose  the  2rroduction  ofth^  primitive  phenomenon. 

The  process  of  calculation  which  I  have  employed  in  this  memoir, 
and  which  consists  in  translating  a  physical  law  by  a  condition  of 
integrability,  was  introduced  into  science  by  Sir  W.  Thomson  and 
by  M.  Kirchhoff.  An  examination  of  the  work  of  those  eminent 
physicists  will,  I  think,  be  convincing  that  the  principle  of  the  Con- 
servation of  Electricity  is  for  Electricity  that  which  the  principle  of 
Carnot  is  for  Heat. 


MR.  E.  SHIDA  ON  DR.  C.  R.  ALDER  "U-RIGHT  S  NOTE  PUBLISHED  IN 
THE  PHILOSOPHICAL  MAGAZINE  FOR  JULY  1881*. 

In  answer  to  Dr.  C.  E.  A.  Wright's  note  (page  7(3,  Phil.  Mag. 
for  July  ISSl)  on  my  paper  and  my  recent  note,  I  have  to  state, 
(1)  that  by  what  I  said  in  my  note  was  meant  that  the  calculation 
confirmed  the  truth,  in  the  case  of  my  experiment  described  in  my 
paper,  of  the  very  fundamental  law  of  Ohm,  namely 

^        E         v  —  v'         -p,       ,         ,^h-^r 

C=5--  = ,  or  E  =  (i'-i')— ^ 

h  +  r  r  r 

(an  equation  identical  with  that  shown  in  his  note  after  elaborate 
steps  of  reasoning),  where  E  denotes  the  E.M.F.  of  the  cell  in 
the  circuit  consisting  of  {h)  the  internal  resistance  of  the  cell  and 
(/•)  the  resistance  external  to  it,  and  v—v'  denotes  the  difference  of 
potential  between  the  poles  of  the  cell  when  the  current  C  is  flowing 
through  the  circuit ;  and  (2)  that  what  I  measui'ed  both  electro- 
statically and  electromagnetically  in  my  experiment  was  o?i€  and  the 
same B.M.F.,  the  E  of  the  Thomson  gravity  Daniell,  but  not  (v—v) 
the  difference  of  potential  between  the  poles,  which  I  do  not  call 
the  E.M.F.  of  the  cell  as  he  (Dr.  Wright)  does. 

[The  "  two-per-cent."  error  alleged  by  Dr.  AVright  is  a  creature 
of  his  own  imagination,  due  seemingly  to  misunderstanding  of 
Ohm's  Law !— AV.  T.] 

*  Communicated  by  Sir  William  Thomson. 
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KOTE  ON  THE  PHOTOGRAPHIC  SPECTRUM  OF  COMET  h   1881. 
BY  WILLIAM  HUGGINS,  D.C.L.,  LL.D.,  F.R.S. 

On  the  evening  of  June  24  I  directed  the  reflector  furnished 
with  the  spectroscopic  and  photographic  arrangements  described 
in  my  paper  "On  the  Photographic  Spectra  of  Stars"*  to  the 
head  of  the  comet,  so  that  the  nucleus  should  be  upon  one  half  of 
the  slit.  After  one  hour's  exposure  the  open  half  of  the  slit  was 
closed,  the  shutter  withdrawn  from  the  other  half,  and  the  instru- 
ment then  directed  to  Arcturus  for  fifteen  minutes. 

After  development  the  plate  presented  a  very  distinct  spectrum 
of  the  comet,  together  with  the  spectrum  of  the  star,  which  I  have 
already  described  in  the  paper  referred  to  above. 

The  spectrum  of  the  comet  consists  of  a  pair  of  bright  lines  in 
the  ultra-violet  region,  and  a  continuous  spectrum  which  can  be 
traced  from  about  ¥  to  some  distance  beyond  H. 

The  bright  lines,  a  little  distance  beyond  H,  with  an  approximate 
wave-length  from  3870  to  3890,  appear  to  belong  to  the  spectrum 
of  carbon  (in  some  form,  possibly  in  combination  with  hydrogen) 
which  I  observed  in  the  spectra  of  the  telescopic  comets  of  1866 
and  1868. 

In  the  continuous  spectrum  shown  in  the  photograph  the  dark 
lines  of  Fraunhofer  can  be  seen. 

This  photographic  eA'idence  supports  the  results  of  my  previous 
observations  in  the  visible  spectra  of  some  telescopic  comets.  Part 
of  the  light  from  comets  is  reflected  solar  light ;  and  another  part 
is  light  of  their  own.  The  spectrum  of  this  light  shows  the 
presence  in  the  comet  of  carbon,  possibly  in  combination  with 
hydrogen. 

On  the  next  night,  June  25,  a  second  photograph  was  obtained 
with  an  exposure  of  an  hour  and  a  half.  This  photograph,  not- 
withstanding the  longer  exposure,  is  fainter,  but  shows  distinctly 
the  two  bright  lines  and  the  continuous  spectrum,  which  is  too 
faint  to  allow  the  Fraunhofer  lines  to  be  seen. 

Postscript,  July  9, 1881. — I  have  since  measured  the  photographs 
of  the  comet's  spectrum  ;  and  I  find  for  the  two  strong  bright  lines 
the  wave-lengths  3883  and  3870.  The  less-refrangible  line  is  much 
stronger ;  and  a  faint  luminosity  can  be  traced  from  it  to  a  little 
beyond  the  second  line,  3870.  There  can  be  no  doubt,  therefore, 
that  these  lines  represent  the  brightest  end  of  the  ultra-violet 
group  which  appears  under  certain  circumstances  in  the  spectra  of 
the  compounds  of  carbon.  Professors  Liveing  and  Dewar  have 
found  for  the  strong  line  at  the  beginning  of  this  group  the  wave- 
length 3882-7,  and  for  the  second  line  3870-5. 

I  am  also  able  to  see  upon  the  continuous  solar  spectrum  a 
distinct  impression  of  the  group  of  lines  between  G  and  7i,  which 
is  usually  associated  with  the  group  described  above.  My  measures 
for  the  less-refrangible  end  of  this  group  give  a  wave-length  of 
4230,  which  agrees  as  weU  as  can  be  expected  with  Professors 
Liveing  and  Dewar's  measure  4220. 

*  Phn.  Trans.  1880,  p.  669. 
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la  their  paper  "  On  the  Spectra  of  the  Compounds  of  Carbon  " 
(Proc.  Roy.  Soc.  vol.  x.\x.  p.  494),  Professors  Liveing  and  Dewar 
show  that  these  two  groups  indicate  the  presence  of  cyanogen,  and 
are  not  to  be  seen  in  the  absence  of  nitrogen.  If  this  be  the  case, 
the  photograph  gives  undoubted  evidence  of  the  presence  of  nitrogen 
in  the  comet,  in  addition  to  the  carbon  and  hydrogen  shown  to  be 
there  by  the  bright  groups  in  the  visible  part  of  the  spectrum.  On 
this  hypothesis  we  must  further  suppose  a  high  temperature  in  the 
comet,  unless  the  cyanogen  is  present  ready  formed. 

I  should  state  that  Mr.  Lockyer  regards  the  two  groups  in  the 
photograph,  and  the  groups  in  tlie  visible  spectrum,  as  due  to 
the  vapour  of  carbon  at  different  heat-levels  (Proc.  Eoy.  Soc. 
vol.  XXX.  p.  461). 

It  is  of  importance  to  mention  the  strong  intensity  in  the  photo- 
graph of  the  lines  3SS3  and  3S70,  as  compared  with  the  continuous 
spectrum  and  the  faint  bright  group  beginning  at  4230.  At  this 
part  of  the  spectrum,  therefore,  the  light  emitted  by  the  cometary 
matter  exceeded  by  many  times  the  reflected  solar  light.  I  reserve 
for  the  present  the  theoretical  suggestions  which  arise  from  the  new 
information  which  the  photographs  have  given  us. — Proceedings  of 
the  Royal  Society,  Xo.  213,  18S1.     Communicated  by  the  Author. 


THE  EXISTENCE  OF  THE  LUMrNIFEROUS  ^THER. 
To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 
Gextlemex, 
In  the  papers  which  I  have  communicated  to  your  Journal  on 
the  above  subject,  1  have  endeavoured  to  show  that  the  phenomena 
of  Optics  can  be  explained  without  calling  in  the  aid  of  any  sub- 
stance of  the  nature  of  the  aether,  and  also  that  what  may  be  termed 
ordinary  matter  possesses  the  requisite  properties  to  enable  it  to 
act  as  the  medium  which  serves  for  the  transmission  of  the  imdu- 
latory  movement.  Although  I  have  not  any\\  here  in  these  papers 
laid  claim  to  originality,  yet  I  was  quite  unaware  at  the  time  of 
writing  that  the  same  ideas  had  been  ])reviously  propounded.  Until 
after  the  publication  of  the  second  of  these  papers,  I  regret  to  say 
that  I  had  not  read  '  The  Congelation  of  Physical  Porces.'  I  find 
that  so  far  back  as  1S42  the  distinguished  author  of  this  work  had 
published  his  views  on  the  subject,  which  in  almost  every  particular 
are  the  same  as  those  held  by  myself.  All  credit  for  originality  is 
therefore  due  to  Sir  AY.  E.  Grove ;  and  it  is  probable  that,  if  I  had 
known  how  coiupletely  he  had  anticipated  the  conclusions  to  which 
I  have  arri\ed,  my  papers  \\ ould  never  have  been  written.  As  it 
is,  however,  it  is  due  to  Lord  Justice  Grove  to  make  this  statement ; 
and  in  doing  so  1  take  the  opportunity  of  expressing  the  pleasure 
one  feels  at  finding  bis  views  shared  by  so  eminent  an  authority. 
1  have  the  honour  to  be,  Gentlemen, 

Your  obedient  Servant, 

Ebxest  H.  Cook. 
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XVIII.  On  the  "  Rotational  Coeficient "  in  Xichel  and  Cobalt. 
By  E.  H.  Hall,  Ph.D.,  late  Assistant  in  Physics  in  the 
Johns  Hopkins  University,  Baltimore* . 

THIS  article  may  be  considered  as  the  continuation  of 
one  published  in  the  '  Philosophical  Magazine '  for  Xo- 
vember  1880,  under  the  title  "  On  the  new  Action  of  Mag- 
netism on  a  Permanent  Eiectiic  Current,"  in  which  were  given 
the  results  of  some  quantitative  investigations  of  a  certain 
phenomenon  recently  discovered  in  the  Physical  Laboratory 
of  the  Johns  Hopkins  University.  It  will  perhaps  be  remem- 
bered that  the  essential  feature  of  this  phenomenon  is  the  set- 
ting up,  in  a  conductor  bearing  an  electric  current,  of  an 
electromotive  force  at  right  angles  to  the  primary  electromo- 
tive force,  wdien  the  said  conductor  is  subjected  to  the  action  of 
a  magnetic  force  at  right  angles  to  the  direction  of  the  current. 
In  the  article  alluded  to,  results  were  given  as  obtained  with 
gold,  silver,  tin,  platinum,  iron,  and  nickel.  The  magnitude 
of  the  effect  observed,  relatively  to  the  strength  of  the  primary 
current,  the  intensity  of  the  magnetic  field,  and  the  dimen- 
sions of  the  conductor,  had  not  been  determined  with  any 
accuracy  in  the  case  of  nickel  and  tin,  though  it  was  known 
to  be  comparatively  large  in  nickel  and  small  in  tin.  The 
other  metals  ranged  themselves,  as  regards  the  numerical 
magnitude  of  the  effect  exhibited,  in  the  following  order,  viz. 
iron,  silver,  gold,  platinum — the  effect  observed  in  iron  beino- 

*  Commuuicated  by  the  Physical  Societv,  having  beeu  read  at  the 
Meeting  on  May  28,  1881. 
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several  times  greater,  and  that  in  ])latinum  several  times  less, 
than  the  effect  in  gold  or  silver.  The  fact  of  greatest  interest, 
however,  M'as  that,  if  we  called  the  direction  of  the  transverse 
effect  in  iron  -I- ,  that  in  the  diaraagnetic  metals,  and  in  nickel 
and  platinum  also,  would  be  —  *. 

In  view  of  this  remarkable  disagreement  in  behaviour  be- 
tween the  two  strongly  magnetic  metals  iron  and  nickel,  it 
seemed  highly  desirable  to  make  a  quantitative  investigation 
of  the  effect  in  nickel  as  soon  as  possible,  and  extend  the  ex- 
amination to  the  other  strongly  magnetic  metal  cobalt.  Most 
of  the  experiments  to  be  described  in  this  article  relate,  there- 
fore, to  nickel  and  cobalt.  The  examination  of  the  latter  was 
a  hasty  one,  and  may  well  be  described  first. 

No  thin  strips  of  the  metal  being  at  hand,  a  slice  was  sawn 
from  a  small  block  of  moderately  pure  cast  cobalt  and  worked 
into  the  form  of  a  cross.  To  the  extremity  of  each  arm  of  this 
cross  was  soldered  a  thin  strip  of  copper  2  or  3  centim.  long, 
for  the  purpose  of  making  the  electrical  connexions.  The 
cross  of  cobalt  with  the  copper  strips  attached  was  now  fast- 
ened with  hard  cement  to  a  strip  of  glass  and  worked  down 
with  a  file  to  sufticient  thinness.  Before  placing  the  cross 
upon  the  glass  its  thickness,  and  that  of  the  glass  also,  was 
measured  by  the  calipers.  After  cementing  the  two  together, 
the  total  thickness  Avas  found,  and,  again,  the  thickness  of  the 
whole  after  the  cross  had  been  filed  down.  The  thickness  of 
the  cross  in  its  final  condition  was  thus  estimated  at  '45  mil- 
lim.,  to  which  value  an  uncertainty  of  perhaps  10  or  15  per 
cent,  attaches. 

With  this  apparatus  it  was  found  that  the  direction  of  the 
transverse  effect  in  cobalt  is  + ,  i.  e.  the  same  as  that  in  iron. 

Mx  V 

As  to  the  magnitude  of  the  effect,  — ^r,      was  found  to  be 

44  X  10^°,  placing  cobalt  between  silver  and  iron.  The  speci- 
men of  cobalt  used,  however,  contained  some  nickel  (how 
much  is  not  known  accurately):  and  this  doubtless  counter- 
acted in  part  the  effect  of  the  cobalt.  It  seems  probable, 
however,  that,  allowing  for  all  errors,  the  transverse  effect  in 
cobalt  is  less  than  that  in  iron,  other  things  being  equal.  The 
magnetic  field  used  was  about  9000  (cm.-gr.-sec),  stronger 
than  has  yet  been  used  with  iron. 

*  These  signs  are  given  to  avoid  tedious  repetitions.  I  have  here  called 
the  etl(?ct  in  iron  +  simply  because  its  direction  in  this  metal  is  that  which 
the  conductor  itself  bearing  the  cm-rent  would  follow,  if  free  to  more 
across  the  lines  of  magnetic  force  under  the  action  of  the  ordinary  "pon- 
deromotive "  force.  No  significance  further  than  this  is  at  present 
attached  to  this  choice  of  signs. 
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We  now  return  to  the  consideration  of  nickel. 
The  original  experiment  with  this  metal  had  been  made  with 
a  specimen  so  irregular,  that  it  had  not  been  possible  to  deter- 
mine the  magnitude  of  the  transverse  effect  except  in  the  most 
general  way.  The  direction  had  been  determined  beyond  ques- 
tion. The  specimen  of  nickel  now  employed,  and  with  which 
the  results  to  be  given  were  obtained,  was  quite  different  in 
appearance  and  physical  condition  from  the  first  specimen — 
though  it  was  obtained  in  about  the  same  manner,  viz.  by 
stripping  off  a  piece  of  nickel  plating  from  the  metal  upon 
which  it  had  been  electrolytically  deposited.  The  first  spe- 
cimen Avas  very  brittle,  the  second  quite  tough.  The  latter 
was  about  '001  centim.  thick.  As  to  its  purity  hardly  any 
thing  is  known  except  what  is  told  by  its  physical  characte- 
ristics. It  is  probably  affected  by  all  the  impurities  of  ordi- 
nary nickel  plating.  It  contains  very  likely  a  little  cobalt, 
and  perhaps  a  trace  of  iron.  I  understand,  moreover,  from 
Professor  Wolcott  Gibbs,  that  nickel  plating  deposited  in  the 
usual  manner  (/.  e.  from  an  ammoniacal  solution)  is  much 
affected  in  its  physical  properties  by  nitrogen  in  some  way 
retained  by  the  metal.  It  would  have  been  desirable,  of 
course,  in  all  cases  to  work  with  pure  metals ;  but  such  were 
not  at  hand,  or  easily  obtainable  in  the  proper  form,  and  it 
was  not  thought  best  to  defer  the  experiments  until  pure  spe- 
cimens could  be  obtained*. 

The  second  specimen  of  nickel  showed  an  effect  of  the  same 
sign  as  the  first,  and  numerically  greater  than  the  effect  which 
had  been  observed  in  the  specimens  of  iron  and  cobalt  used. 

It  now  became  a  matter  of  great  interest  to  determine 
whether  the  transverse  effect  had  really  any  connexion  with 
the  magnetic  properties  of  the  metals.  It  was  determined 
therefore  to  make  a  series  of  experiments,  keeping  the  primary 
current  through  the  metal  as  nearly  as  practicable  always  of 
the  same  strength,  but  varying  within  wide  limits  the  inten- 
sity of  the  magnetic  field.  We  should  in  this  way  ascertain 
whether  the  transverse  effect  was  simply  proportional  to  the 
strength  of  the  magnetic  field,  or  was  related  to  it  in  some 
more  complicated  manner. 

*  This  may  strike  some  readers  as  uuwi.se.  It  has  even  been  suggested 
that  the  difference  in  behaviour  of  iron  and  niclcel  maj-  be  due  to  impuri- 
ties in  one  or  the  other.  This  suggestion  implies  that  the  transverse 
effect  in  these  metals  is  so  related  to  the  magnetic  properties  that,  as  thev 
resemble  each  other  in  one  respect,  they  shciuld  also  in  the  other,  but  at 
the  same  time  admits  that  slight  impuritie^^,  such  as  would  certainlv  be 
very  far  from  reversing  the  magnetic  property  of  either  metal,  may  reverse 
the  transverse  effect  in  the  same.     This  does  not  seem  probable, ' 

N2 
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By  the  term  "  strength  of  the  magnetic  field,"  as  just  used, 
is  meant  the  intensity  of  the  field  between  the  poles  which 
obtains  when  the  metal  plate  is  not  in  the  field.  This  inten- 
sity is  moasurod,  as  described  in  the  article  already  alluded  to, 
b}'  withdrawing  suddenly  from  the  field  a  small  coil  of  wire 
and  observing  the  eftect  upon  a  galvanometer  in  circuit  with 
the  coil.  This  gives  Avhat  is  called  the  magnetic  induction  in 
this  part  of  the  field.  In  general,  the  magnetic  induction  in 
any  magnetized  space  would  be  changed  by  introducing  into 
that  space  a  body  capable  of  being  magnetized  by  induction. 
The  well-known  expression  for  the  magnetic  induction  within 
any  such  body  placed  in  a  magnetic  field  is  (MaxwelFs 
'Treatise,'  vol.^i.  art.  428) 

33  =  ^  +  47r3; (1) 

where  «i^  is  the  magnetic  force  within  the  body  (Thomson's 
'  Polar  Definition,'  reprint,  p.  397),  and  3;  is  the  intensity  of 
mafinetization  (Maxwell,  art.  384). 

Now,  in  case  of  uniform  magnetization,  ^  is  equal  to  the 
intensity  of  the  field  as  it  would  exist  if  the  body  magnetized 
by  induction  were  removed  (i.  e.  just  what  we  measure  by 
means  of  the  coil  and  galvanometer),  together  with  the  force 
exerted  by  Avhat  we  may  call  the  magnetism  induced  on  the 
surface  of  the  magnetized  body.  This  latter  force  will,  of 
course,  depend  upon  the  shape  and  dimensions  of  the  body. 
If  it  is  a  very  thin  disk,  the  reaction  of  the  induced  magnetism 
will,  as  Maxwell  remarks,  be  equal  to  —  47r3  ;  and  in  this 
case,  writing  ^-*  for  the  intensity  of  the  magnetic  field  as 
above  defined,  we  have 

^=^-47r3 (2) 

Substituting  in  (1),  we  have 

^  =  ^,       (3) 

which  means  that,  in  a  very  thin  disk  magnetized  by  induc- 
tion, the  magnetic  induction  is  just  what  it  would  be  in  the 
space  occupied  by  the  disk  if  the  disk  were  removed  from  the 
field.  Now  the  strip  of  nickel  which  we  employ  has  a  width 
600  or  800  times  its  thickness  ;  and  it  has  been  assumed  that 
we  may,  for  our  present  purpose,  regard  it  as  such  an  infinitely 
thin  disk  as  Maxwell  supposes.  The  error  resulting  from  this 
assumption  may  easily  be  seen  to  be  small.  At  the  centre  of 
the  strip  of  nickel  the  real  value  of  ^  would  be  perhaps  ^  of 
one  per  cent,  greater  than  the  value  as  above  determined.  At 
a  point  1  millim.  from  the  edge  of  the  strip  the  error  might 
amount  to  ^  or  \  of  one  per  cent.;  while  at  ^  miUim.  from 
*  Called  M  in  previous  article. 
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the  edge  it  Avould  perhaps  be  two  or  three  per  cent.  The 
average  of  the  real  values  of  35,  therefore,  at  points  along 
the  line  running  across  the  strip  from  one  side  connexion 
to  the  other,  is  probably  a  rather  small  fraction  of  one  per  cent, 
greater  than  the  value  obtained  on  the  assumption  that  33  is 
equal  to  ^.  This  error  is,  to  be  sure,  not  constant;  but  it  is 
nearly  so  up  to  ^=  abotit5000;  and  when  it  begins  to  change 
rapidly,  it  grows  smaller. 

Its  influence  upon  the  curve  given  further  on  must  be  very 
small.  We  assume  therefore,  as  stated  above,  that  by  deter- 
minino-  the  strength  of  the  matrnetic  field  bv  means  of  the  coil 
and  galvanometer  before  the  nickel  is  placed  in  the  field,  we 
ascertain  with  sufficient  accuracy  the  value  of  the  magnetic 
induction  in  the  nickel  strip  itself  when  placed  in  the  mag- 
netic field.  The  advantage  of  determining  this  quantity  is  of 
course  very  great ;  for  though  we  are  probably  unable  to  say 
what  is  the  exact  physical  nature  of  magnetic  induction,  we 
do  attach  to  the  quantity  represented  by  that  term  a  very 
definite  and  important  mathematical  significance. 

It  was  designed,  therefore,  to  investigate  the  law  of  the 
variation  of  the  transverse  effect  with  the  variation  of  the 
magnetic  induction.  Nickel  was  the  best  metal  to  experiment 
upon,  for  the  following  reasons:  the  strip  of  this  metal  at 
hand  was  very  thin  ;  the  transverse  effect  appears  to  be  essen- 
tially more  powerful  in  nickel  than  in  iron  or  cobalt ;  the 
magnetic  permeability  of  nickel  changes  more  rapidly  than 
that  of  iron  or  cobalt  with  high  maguetiziug-powers. 

As  it  was  desired  to  determine  simply  what  function  of  the 
magnetization  the  transverse  effect  would  prove  to  be,  the  pri- 
mary current  through  the  nickel  strip  has  been  kept  approxi- 
mately constant,  the  greatest  variation  from  the  mean  being 
probably  not  many  per  cent.,  as  will  be  shown  further  on. 
Within  these  limits  it  has  been  assumed  that  the  transverse 
eS"ect  may  be  considered  a  linear  function  of  the  direct  current. 

It  should  be  here  stated  that  this  latter  relation  has  not  yet 
been  proved  to  hold  rigidly  even  in  a  non-magnetic  conductor 
like  gold  ;  and  the  matter  must  some  time  be  investigated, 
though  there  seems  to  be  no  reason  to  think  that  the  assump- 
tion, as  above  limited,  can  prove  to  have  involved  any  consider- 
able error. 

The  intensity  of  the  magnetic  field,  and  so  the  magnetic 
induction  in  the  nickel  plate,  has  been  varied  from  about  IGOO 
to  about  10,000  in  absolute  (cm.-grm.-sec.)  measure. 

In  the  course  of  this  investigation  I  have  become  indebted 
to  nearly  every  one  connected  with  the  Physical  Laboratory 
of  the  Johns  Hopkins  University,  but  particularly  to  Mr.  S. 
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H.  Freeman,  Fellow  in  Physics,  and  Mr.  H.  R.  Goodnow, 

•Special    Student    in    Physics,   who    tor  a  while    carried    on 

the  experiments  together.     Mr.  Freeman  especially  worked 

Avith  me  for  a  long  time;  and  several  suggestions  of  his  in 

regard  to  the  arrangement  of  a])paratus  and  the  method  of 

experinienting  Avere  adopted  with  great  advantage  to  the  work. 

In  my  last  article  on  this  subject  the  results  of  measure- 

MxV 
ments  were  given  in  the  form    ~^, — ,  where  M  was  the 

strength  of  the  magnetic  held*,  V  was  the  direct  current 
diA'ided  by  the  section  of  the  conductor,  and  E''  was  the  trans- 
verse electromotive  force  })er  centimetre  of  the  width  of  the 
strip.  In  that  article  were  given  certain  reasons  for  thinking 
the  above  (juantity  more  likely  to  l>e  a  constant  for  any  given 

metal  than  the  quantity  "  „,    ,  where  E  is  the  electromotive 

force  per  centimetre  of  the  lenrfth  of  the  metal  stri[».  Recent 
developments,  to  be  spoken  of  further  on,  raise  the  (juestion 

whether  the  ratio   -^^r/ —  ^^iH  ii*>t  after  all  prove  to  be  the  more 

XJ 

fundamental  and  invariable  quantity;  but  as  E  is  rather  dif- 
ficult to  determine  with  accuracy,  and  as  in  any  given  strip  of 
metal  Y  is  likely  to  remain  under  ordinary  conditions  of  tem- 
perature A:c.  very  nearly  proportional  to  E,  the  use  of  the 
former  quantity  will  be  retained  for  this  article  at  least.  The 
values  of  M  [^-]  will  be  given  separately,  however:  and,  for 

E' 
convenience  in  plotting  the  results,  the  quantity  ^  will  be 

V  ... 

used  instead  of  j^,.     The  values  of  ^  will,  in  plotting,  be  laid 

E' 
off  as  abscissas,  and  the  values  of  ^  be  taken  as  ordinates. 

This  method  of  plotting  gives  a  simple  curve  in  the  present 

case,  and  puts  the  results  of  the  experiments  in  form  to  be 

compared  Avith  those  of  previous  investigations  of  some  of  the 

.      E'       . 
magnetic  properties  of  nickel.     It  is  this  quantity  ^  which, 

after  Maxwell,  in  accordance  with  the  suggestion  of  Mr.  Hop- 
kinsont,  is  now  called  the  "rotational  coefficient"  of  nickel. 

*  Called  ^  in  this  article. 

t  Phil.  Mag.  Dec.  1880,  p.  430.  Prof.  Rowland  ha^  (Phil.  Mag. 
April  1881,  p.  254)  remarked  upon  Mr.  Ilopkiuson'ti  note.  Maxwell  did 
not  know  any  buch  effect  to  exist.  In  fact  lie  expressly  stated  that  it  pro- 
bably did  not  exist ;  yet,  seeing  the  possibility  of  it,  he  let  fall  the  phrase 
which  seems  now  best  litted  to  define  this  newly  discovered  property  of 
the  metals. 
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Mr.  Hopkinson  has  suggested  "  rotational  coefficient  of  resist- 
ance;"  and  possibly   some  quantity  might  be  found  which 

would  demand  that  title.  At  first  sight  -^^  which  is  an  elec- 
tromotive force  divided  by  a  quantity  proportional  to  a  cur- 
rent, would  seem  to  be  of  the  nature  of  a  resistance  ;  but  it  is 
to  be  noticed  that  the  electromotive  force  E'  is  not  the  cause, 
but  the  effect,  of  the  current  implied  in  V. 

In  the  experiments  which  I  have  described  in  previous 
papers,  no  account  was  taken  of  the  temperature  of  the  con- 
ductor experimented  upon.  When  these  experiments  upon 
nickel,  however,  had  been  going  on  for  a  long  time,  it  began 
to  be  suspected  that  the  temperature  of  the  room,  and  so  of 
the  nickel  plate,  did  exercise  a  very  considerable  influence 
upon  the  magnitude  of  the  transverse  effect  as  expressed  by  the 

,.    E^ 
ratio  ;^' 

A  few  hasty  experiments  with  considerable  ranges  of  tem- 
perature in  the  room  indicated  very  decidedly  that  the  tempe- 
rature was  a  factor  to  be  considered,  and  that  the  higher  the 
temperature  the  greater  the  value  of  E',  other  things  being 
equal.  The  magnitude  of  this  influence  can  hardly  be  deter- 
mined from  results  thus  far  reached.  It  may  prove  that  the 
transverse  electromotive  force  E'  is  no  more  increased  by  a 
rise  of  temperature  than  the  direct  electromotive  force  E*  is  ; 
and  in  this  case  it  would  appear,  as  intimated  above,  that  the 

.     E^  .  .  .  E' 

ratio  ^  is  the  one  to  be  investigated  rather  than  ^  • 

Future  investigation  must  determine  this  matter;  and  mean- 
while it  has  been  sought  to  avoid  evil  consequences  by  regu- 
lating, as  well  as  practicable,  the  temperature  of  the  nickel 
plate.  Sometimes  an  experiment  had  to  be  made  at  a  rather 
high  temperature  for  instance;  and  an  attempt  would  then  be 
made  to  balance  this  by  making  another  with  about  the  same 
strength  of  magnetic  field  but  at  a  low  temperature,  or  vice 
versa.  There  was,  however,  even  now  no  attempt  to  deter- 
mine the  actual  temperature  of  the  nickel;  but  a  thermometer 
was  hung  up  with  its  bulb  close  to  the  plate,  and  as  nearly  as 
practicable  always  in  the  same  position  with  respect  to  the 
latter,  and  both  plate  and  thermometer  were  protected  from 
sudden  changes  of  temperature.  As  the  nickel  was  of  course 
heated  by  the  current,  its  temperature  must  have  been  always 
considerably  higher  than  that  indicated  by  the  thermometer. 

*  Apparently  E'  is  in  nickel  aftected  by  temperature  more  than  E  in 
most  metals  would  be ;  but  tbe  rate  of  increase  of  the  resistance  of  nickel 
with  rise  of  temperature  seems  not  to  be  known. 
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Moreover  this  difference  must  have  varied  somcNvliat  with  the 
strength  of  the  direct  current;  so  that  the  temperature  read 
can  be  assumed  to  give  only  a  very  rough  indication  of  the 
chanaes  in  temperature  of  the  nickel. 

None  of  the  numerical  results  of  measurements  made  with 
nickel  before  the  disturl)ing  influence  of  temperature  was  dis- 
covered are  here  published.  In  some  of  the  results  afterwards 
obtained,  however,  the  effects  of  variations  of  temperature  can 
apparently  be  detected,  as  will  be  pointed  out  hereafter. 

The  general  method  of  experiment  has  been  already  suffi- 
cientlv  described  in  jirevious  papers.  There  will  now  be  given 
in  tabular  form  the  most  important  data  involved  in  this  ex- 

E' 
amination  of  nickel,  and  the  values  of  y  obtained.  The  abso- 
lute strength  of  the  primary  current  through  the  nickel  strip 
in  anv  case  is  not  given,  as,  by  the  method  of  ex])eriment, 
both  the  constant  of  the  galvanometer  used  to  measure  this 
current  and  the  horizontal  intensity  of  the  earth's  magnetism 
at  this  galvanometer  (this  intensity  being  assumed  to  be  con- 
stant during  any  one  determination  of  -^r)  are  eliminated  from 

E' 
the  formula  for  y-.     There  will  be  given,  however,  the  tan- 

o-ents  of  the  angles  of  deflection  of  the  galvanometer-needle,  in 
order  to  show  about  what  were  the  limits  of  variation  of  the 
primary  current.  It  may  be  well  to  state  that  this  current 
was  what  one  Bunsen  cell  Avould  send  through — say,  six  or 
eight  ohms.  It  will  be  seen  that  there  are  variations  of  about 
6  per  cent,  in  tan  a ;  and  the  actual  variations  in  the  primary 
current  mav  possiljly  have  been  considerably  greater  than 
this:  for  on  March  11th,  12th,  and  14th  the  galvanometer 
stood  in  a  different  room  from  that  in  which  it  was  placed  for 
the  previous  observations,  and  the  horizontal  intensity  of  the 
earth's  magnetism  Avas  probably  somewhat  different  in  the  two 
places.  I  have,  however,  as  stated  above,  assumed  that  within 
the  limits  of  these  variations  the  value  of  E'  is  a  linear  func- 
tion of  the  direct  current.  It  is  evident  thai  no  large  error 
can  result  from  this  assumption. 

It  will  be  seen  from  the  table  that  the  experiments  began 
with  the  smallest  values  of  the  magnetizing  force  and  went  on 
bv  stages  to  the  highest.  This  is  the  proper  course  to  follow 
ill  order  to  avoid  at  any  stage  of  the  magnetizing  force  the 
effects  of  a  j)revious  stronger  magnetizing  force.  It  must, 
however,  be  stated  that,  beibre  the  series  of  experiments  whose 
results  are  here  published  was  begun,  the  nickel  had  already 
been  several  times  subjected  to  a  magnetizing  force  of  about 
7500,  i.  e.  four  or  five  times  as  great  as  the  forces  with  which 


in  Nichel  and  Cobalt. 


165 


this  series  begins.  The  question,  of  course,  arises  whether 
there  may  not  have  been  induced  by  this  means  a  permanent 
magnetism  sufficient  to  affect  the  results  of  subsequent  expe- 
riments. In  order  to  settle  this  question  as  far  as  possible,  a 
small  piece  of  nickel  film,  of  the  same  quality  as  the  strip  in 
use,  was  first  subjected  to  the  action  of  a  field  of  about  7000 
or  8000.  It  was  then  placed  in  a  field  of  perhaps  1500  or 
1600,  whose  direction  was  such  as  to  tend  to  reverse  any  per- 
manent magnetization  which  might  have  been  induced  in  the 
film  by  the  previous  field.  It  was  found  that  now  in  the 
second  field  the  nickel  became  magnetized,  temporarily  at 
least,  in  the  direction  of  that  field.  No  attempt,  I  believe, 
was  made  in  any  case  to  detect  the  permanent  magnetization. 
In  this  trial  the  small  piece  of  nickel  fihn  was  magnetized, 
not  in  the  direction  of  its  thickness,  but  in  a  lateral  or  longi- 
tudinal direction;  so  that  we  do  not  here  have  an  exact  parallel 
to  the  case  of  the  strip ;  but  it  seems  probable  that  magneti- 
zation in  the  direction  of  the  shortest  dimension  would  be 
much  more  easily  disturbed  than  that  in  a  longitudinal  direc- 
tion. Moreover,  just  before  the  series  of  experiments  was 
begun  whose  results  are  here  published,  quite  a  long  series 
was  made  with  magnetizing  forces  about  equal  to  those  with 
which  the  published  series  begins ;  and  this  treatment  would 
have  tended,  no  doubt,  to  obliterate  any  traces  of  permanent 
magnetism  due  to  the  action  of  previous  higher  orces,  even  if 
this  permanent  magnetism  had  been  much  greater  than  we 
have  any  reason  to  suppose  it  was.  On  the  whole^  therefore, 
the  probability  of  any  considerable  error  from  this  source 
seems  to  be  very  small. 


Date. 

Temperature. 

Tan  «. 

g  or  33. 

|-'xlO'". 

Feb.  24, 1881 

0 

18-5 

•330 

1667 

209-3 

25,     

220 

■332 

1655 

211-1 

26,'     „    

21-5 

•335 
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26,     „    

160 

•336 

1735 

213-2 

28,     „    

19-5 

•333 

2bV2, 

314-3 

28 

20-0 

•333 

2512 

307-0 

Mar.    1,     „    

200 

•330 

4734 

596-1 

o 

19-5 

•327 

4775 

596-4 

o,    „    

190 

•338 

6540 

735-5 

7,    , 

200 

•339 

6415 

726-7 

7,    „    

20-5 

•340 

7996 

761-0 

10,     „    

♦       21-5 

•324 

7791 

771-0 

11,     „    

21-0 

•342-1       9. 

8712 

783-5 
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18-5 

•o4o       g  5- 

8644 

755-1 

12,    „    

20'U 

•338,   l-L.: 
•338  >  0-  \ 

9561 

772-4 

12,     „    

18-0 

9708 

759-8 

14,     „    

210 

•326  j   :-  3 

1072U 

793-3 

14,     „    

210 

•323;       ^1 

10290 

785-6       i 
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La\nng  off  the  values  of  33  on  the  base-line,  and  taking  thd 

values  of  -^,  plotted  on  a  convenient  scale,  as  ordinates,  we 

have  curve  (1),  It  will  be  seen  that  this  curve  is  nearly  straight 
for  a  considerable  distance,  and  that  if  this  portion  were  ex- 
tended backward  it  would  pass  very  near  the  origin.  Between 
the  points  corresponding  to  33  =  5000  and  33  =  8000  the  line 
tends  strongly  to  the  right,  and  thenceforward  it  continues  as 
if  asymptotic  to  some  horizontal  line  not  very  far  above. 


Base-line  of 
curve  for  2[o. 


Base-line  of   (2) 
curve  for^. 

Base-line  of  (1) 
curve  for  -^. 


do  not  fall  so 


The  points  marking  the  highest  values  of  -,,. 

well  in  line  as  one  might  wish  ;  but  by  looking  at  the  table  it 
will  be  seen  that  there  were  considerable  variations  of  tempe- 
rature accompanying  these  observations ;  and  to  these  varia- 
tions the  irregularities  can  perhaps  be  in  some  part  attributed. 

E' 
We  see  now  at  once  from  the  diagram  that  ^^  is  not  pro- 
portional to  iB,  the  magnetic  induction  in  the  nickel.     Can  we 
find  any  magnetic  quantity  to  which  it  is  more  simply  related  ? 
If  we  turn  to  the  observations  of  Prof.  Rowland  on  nickel*, 
we  find  that  they  can,  as  he  says,  be  plotted  in  several  ways. 


Phil.  Mag.  Aug.  1873  and  Not.  1874. 
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In  order  to  compare  them  witli  the  observations  above  given, 
we  need  to  plot  them  in  some  manner  that  will  lay  oft  the 
values  of  S3  (M  in  Prof.  Rowland's  first  paper)  on  the  base- 
line. AVe  may  then  take  as  ordinates  the  values  of  the 
magnetic  permeability,  as  Rowland  has  done  in  his  first  paper 
(plate  iii,),  or  the  values  of  k,  Neumann's  coefiicient  of 
induced  magnetization,  or  the  values  of  ip,  the  '^  magnetic 
force"*  within  the  nickel,  which  would  be  a  reversal  of  one 
method  used  by  Rowland  in  his  first  paper  (plate  ii.) ;  or, 
finally,  we  may  use  the  values  of  3?  '*  the  intensity  of  magne- 
tization according;  to  the  German  theorv,"  as  Rowland  calls 
it  in  his  second  article. 

Having  plotted  these  various  curves  we  may  compare  them 
with  (1)  above,  in  order  to  determine  whether  our  quantitv 

-^j   corresponds  most  nearlv  to  />•,  to  /c,  to  45j  or  to  Jv. 

r^"i    •" 

The  curve  for  /u,    ^     will,  long  before  5B  has  reached  the 
LVJ  V     E' 

higher  values  used  in  the  curve  for  -,v,  have  reached  a  maxi- 
mum and  returned  nearly  to  the  base-line.     The  curve  for  k 
^     will  be  very  similar  to  that  for  [x.     We  do  not,  then, 

find  suggested  a  close   connexion  between  fi  or   k  and  the 

quantity  we  are  studying. 

The  curve  for  ^  bends  uim-ard,  and  is  therefore  quite  dis- 

E' 
similar  to  that  for  •^• 


The  values  of  3 


v^^' 


obtained   from    two    of   Rowland's 

seriest,  made  either  with  difterent  specimens  of  nickel  or  with 
one  specimen  under  quite  varied  conditions,  give  the  curves  (2) 
and  (o).  A  separate  base-line  is  taken  for  each  of  the  three 
curves;  and  the  ordinates  of  (2)  and  (3) have  been  plotted  on  dif- 
ferent scales,  in  order  to  make  the  general  inclination  of  those 
curves  agree  with  that  of  (1).  The  values  of  S3,  however  (and 
this  is  the  essential  particular  in  the  plotting),  are  given  on  the 
same  scale  for  all  three  curves.  The  important  facts  about 
the  lines  (2)  and  (3)  are  that  they  are  sensibly  straight  for  a 
long  distance,  that  they  appear  to  come  nearly  straight  from  the 
origin,  and  that  they  begin  to  bend  perceptibly  toward  the 
horizontal  when  33  becomes  4000  or  5000.  Althouo-h  these 
lines  are  carried  only  a  short  distance  beyond   this   region, 

*  Thomson's  'Polar  Detinition,'  reprint,  p.  307 ;  and  Maxwell's  Treatise, 
art.  398.  ' 

t  Phil.  Mag.  Aug.  1873,  p.  153,  and  Nov.  1874,  p.  327. 
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we  can  yet  be  sure  that  the  bend  is  not  due  to  faulty 
observations ;  for  to  make  an  error  of  1  per  cent,  in  the  value 
of  3  at  this  point  would  require  an  error  of  very  many  per 
cent.,  say  20  or  30,  in  the  value  of  /*  as  determined  by  Prof. 
Rowland.  From  the  manner  and  rate  at  which  /*  was 
changing  at  the  points  where  his  experiments  ceased,  it  seems 
almost  certain  that  these  lines  would  continue  to  bend,  and  for 
a  time  to  bend  rapidly.  Indeed  the  curve  in  which  Prof. 
Rowland  has  continued  yu,  beyond  the  range  of  his  exi)eriments 
would  indicate  that  the  curves  (2)  and  (3),  if  continued  a  short 
distance  further,  would  turn  downward  and  approach  the  base- 
line. This,  however,  would  mean  that  the  magnetization  3 
actually  decreases  after  a  certain  j^oint  with  increase  of  the 
magnetizing-force.  The  possibility  of  this  is  spoken  of  by 
Rowland*;  but  there  seems  to  be  no  experimental  evidence  of 
such  an  effect;  and  if  it  docs  not  exist,  it  appears  altogether 
probable  that  the  lines  (2)  and  (3)  would  become  asymptotic  to 
horizontal  lines  lying  considerably  higher  than  any  points 
reached  by  the  curves  as  here  given. 

We  can  therefore  say  that,  so  far  as  actual  experiments  have 
gone,  there  seems  to  be  much  tending  to  prove  a  very  simple 
and  intimate  relation  in  nickel  between  the  transverse  effect 
and  the  '^  magnetization  according  to  the  German  theory." 

It  would,  of  course,   be  desirable  to  test  for  some  more 

minute  agreement  than  has  yet  been  traced  between  the  curves 

E' 
for  -^  and  3  ;  but  such  a  testing  would  probably  be  difficult  to 

make.  An  exact  agreement  coidd  not  be  expected;  for  it 
would  probably  be  almost  impossible  to  obtain  exactly  the 
same  quality  and    condition  of  metal  in  the  very  dift'erent 

E' 

shapes  required  for  experiments  on  ;;j  and  experiments  on  ^. 

There  are,  however,  certain  minute  characteristics  which 
would  belong  to  all  curves  for  3-  Thus  (2)  and  (3)  should  not 
be  straight  at  any  point.  They  are  lines  of  double  curvature,  the 
steepest  part  of  each  being  not  far  from  58  =  2000.  The  cur- 
vature in  this  region,  however,  is  very  slight;  and  to  detect  a 

corresponding  curvature  in  the  line  for  y ,  if  such  exists, 

would  be  a  matter  of  considerable  difficulty,  though  not, 
perhaps,  impossible. 

Having  gone  thus  iar  with  nickel,  we  might,  were  it  not  for 
the  anomaly  presented  by  the  sign  of  the  rotational  coefficient 

*  I'hil.  Mag.  Nov.  1874,  p.  322. 
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in  iron  and  cobalt,  make  a  prediction  by  analogy  as  to  what 

would  prove  to  be  the  character  of  the  curves  for  ^  in  these 

metals.  "We  should  say  that  they  would  be  sensibly  straight 
for  a  much  longer  distance  than  the  curve  for  nickel,  and  that 
in  fact  it  might  be  difficult  to  carry  the  magnetization  far 
enough  to  detect  any  marked  departure  from  a  straight  course. 
So  great  a  difference  in  behaviour  as  is  indicated  by  a  reversal 
of  the  sense  of  the  transverse  effect,  however,  makes  anv  such 
predictions  hazardous. 

This  difference  of  sign  in  the  rotational  coefficients  of  the 
magnetic  metals  is  so  anomalous  and  so  important  a  fact,  that 
one  returns  again  and  again  to  its  consideration.  Quite 
recently  the  determination  of  this  sign  for  all  three  metals  has 
been  made  anew.  I  have  now  tested,  in  all,  four  plates  of  iron 
(three  of  them  having  been  cut  from  the  same  sheet,  but  the 
fourth  being  of  a  different  thickness  and  probably  of  a  some- 
what different  character),  two  plates  of  nickel  (certainly  very 
different  from  each  other  in  condition),  and  one  specimen  of 
cobalt.  With  all  these  the  record  is  perfectly  consistent. 
Nevertheless  it  would  be  desirable  to  examine  more  specimens, 
and  those  differing  widely  in  character.  Different  experimen- 
ters have  observed  many  peculiar  effects  in  iron  under  the 
influence  of  magnetism  and  the  electric  current,  magnetism 
and  mechanical  strain,  or  the  combined  influence,  which  in  a 
certain  form  we  have  here,  of  all  three;  and  these  effects 
appear  to  differ  greatly,  and  sometimes  to  be  of  different  signs, 
in  soft  iron  and  hard  iron  or  steel.  Thomson  has  found* 
that,  under  conditions  of  the  above  character,  soft  iron  and 
nickel  are,  in  certain  apparently  very  important  particulars, 
opposed  in  behaviour.  I  have  looked  in  vain  through  all  the 
facts  of  this  kind  with  which  I  am  acquainted  for  any  plausible 
explanation  of  the  fundamental  phenomenon  of  the  transverse 
action,  nor  can  it  be  said  that  any  clue  has  been  found  to  the 
cause  of  the  diversity  observed.  Nevertheless  the  opposition 
which  Thomson  has  found  in  the  behaviour  of  soft  iron  and 
nickel,  under  conditions  of  magnetism  and  mechanical  strain, 
furnishes  an  analogy  which  should  not  be  lost  sight  of. 
Thomson  has  moreover  noticed  that  the  effect  which  he  was 
studying  in  soft  iron  became  reversed  in  this  metal  at  a 
very  moderate  value  of  the  magnetizing  force.  It  mio-ht  be 
well  to  test  the  direction  of  the  transverse  effect  also  with 
very  small  intensities  of  the  magnetic  field. 

An  extended  examination  of  the  effect  in  iron  and  cobalt, 
similar  to  that  which  has  been  made  in  the  case  of  nickel, 

*  PhU.  Trans.  May  1878. 
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should  be  undertaken  as  soon  as  practicable.  It  will  require 
very  great  intensities  of  the  magnetic  field  and  a  very  large 
battery*  to  carry  these  metals  through  a  range  of  magnetiza- 
tion corresponding  to  that  through  which  nickel  has  been 
examined.  It  seems  doubtful  whether  the  magneto-electric 
machine  can  be  here  employed,  as  the  current  which  it  pro- 
duces may  not  be  sufficiently  uniform  to  be  used  with  ad- 
vantage. 

The  examination  of  the  non-magnetic  metals  also  should  be 
continued  as  fast  as  circumstances  will  permit,  with  the  object 
of  determining  the  sign  and,  when  practicable,  approximately 
the  magnitude  of  the  rotational  coefficient  in  every  case. 


In  my  article  of  last  November  I  stated  that,  in  accordance 

*  In  the  experiments  here  detailed,  the  largest  battery  used  has  con- 
sisted of  4S  large  Biiusen  cells  arranged  8  in  series.  The  resistance  of 
each  cell  was  probably  something  more  than  an  ohm ;  the  resistance  of 
the  electromagnet  is,  I  think,  rather  less  than  an  ohm.  The  resistance  of 
the  connexions  was  considerable,  however;  and  the  battery  probably  gave 
about  its  best  effect. 

After  this  powerful  battery  had  been  applied  to  the  electromagnet,  a 
rather  singular  effect  was  observed  on  returning  to  the  use  of  weak  cur- 
rents. In  making  observations  in  the  usual  way  to  detennine  the  strength 
of  the  field  produced  by  these  weak  currents,  it  was  found  that  the  im- 
pulses given  to  the  galvanometer-needle  were  very  capricious.  These 
observations  may  be  arranged  under  two  heads,  +  and  — ,  according  to 
the  direction  of  tlie  current  through  the  electromagnet,  this  current  being 
usually  reversed  after  each  withdrawal  of  the  little  coil  from  between  the 
poles. "  The  observations  being  arranged  in  this  way,  it  would  be  found 
that  there  were  occasional  sudden  changes  of  many  per  cent,  in  tlie  read- 
ing's in  the  same  column.  Of  course  the  most  obvious  explanation  of  the 
phenomenon  was  that  some  connexion  was  loose,  either  in  the  circuit  of 
the  galvanometer  and  the  test-coil  or  in  that  of  the  electromagnet.  That 
the  fault  was  not  in  the  former  circuit  was  made  probable  by  the  fact  that 
by  means  of  the  earth-inductor,  which  was  in  the  same  circuit,  quite  uni- 
form deflections  of  the  galvanometer-needle  were  produced.  To  test  for 
a  fault  in  the  magnet  circuit,  a  tangent-galvanometer  was  introduced  into 
it  and  its  deflections  observed  during  the  series  of  observations  on  the 
strength  of  the  field. 

The  readings  of  the  tangent-galvanometer  decreased  slowly  with  the 
running-down  of  the  current ;  but  the  changes  were  quite  regular,  and  not 
at  all  of  a  character  to  accoimt  for  the  irregularity  of  the  other  observa- 
tions. The  most  plausible  explanation  I  could  finally  propose  was,  that 
this  irregularity  in  the  strength  of  the  magnetic  field  was  due  to  a  sort  of 
uncertain  struggle  between  the  action  of  the  present  weak  magnetizing 
cun-ent,  and  the  magnetization  previously  induced  by  the  strong  ciirreuts 
in  the  poles  of  the  electromagnet,  which  are  not,  I  believe,  of  very  soft 
iron,  and  are  probably  capable  of  considerable  permanent  magnetization. 
I  do  not  by  any  means  feel  able  to  assert,  from  my  rather  hasty  observa- 
tions, that  there  can  be  no  other  explanation.  1  have,  however,  simply 
thought  the  matter  of  sufficient  importance  to  justify  me  in  recording  what 
seemed  to  be  the  fact. 
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with  Prof.  Rowland's  suggestion,  I  had  tested  the  Kerr  effect 
with  one  specimen  of  nickel,  and  found  it  to  be  of  the  same 
sign  as  the  effect  which  Kerr  had  observed  with  iron.  In 
order  to  prevent  mistakes,  the  experiment  was  repeated  with 
iron,  or  rather,  I  suppose,  with  steel,  the  result  being  the  same 
which  Kerr  had  obtained.  The  surface  of  nickel  first  used  in 
this  way  was  the  coating  upon  one  of  the  plates  of  Prof.  Row- 
land's absolute  electrometer,  the  metal  beneath  being  brass. 
Two  other  specimens  of  nickel  have  since  been  tried.  One 
was  a  coating  deposited  electrolytically  directly  upon  the  iron 
pole  of  the  electromagnet,  the  other  was  a  nickel  film  fastened 
with  soft  cement  to  a  plate  of  glass.  Probably  none  of 
these  specimens  was  pure ;  but  (and  this  is  a  matter  of  more 
importance)  the  third  was  of  precisely  the  same  character  and 
origin  as  the  specimen  in  which  the  transverse  effect  was 
studied.  The  Kerr  effect  is  of  the  same  sign  in  all  three 
plates  of  nickel,  ?'.  e.  of  the  same  sign  as  the  effect  in  iron. 

One  specimen  of  cobalt  has  also  been  tested  for  this  effect. 
A  block  of  cast  cobalt,  quite  similar  to  that  from  which  was 
cut  the  cross  mentioned  in  the  first  part  of  this  article,  was 
sawn  in  two,  and  one  of  the  fresh  surfaces  was  made  quite 
smooth  with  a  file  and  then  polished  with  emery.  It  is  not 
difficult  to  get  a  sufficiently  good  surface.  An  hour's  work 
might  prepare  it. 

With  sunlight  and  a  tolerably  strong  magnetic  field,  say 
4000  (cm.-grm.-sec),  the  rotation  produced  by  cobalt  was  de- 
tected, and  found  to  be  of  the  same  sign  as  that  observed  with 
nickel  and  iron. 

The  fact  that  nickel  behaves  like  the  other  magnetic  metals 
in  optical  effect,  but  differently  from  them  in  the  transverse 
electrical  effect,  is  on  its  face  undoubtedly  an  argument  against 
the  theory  which  refers  the  two  effects  to  the  same  cause.  In 
order  if  possible  to  examine  the  optical  effect  in  a  somewhat 
different  manner,  an  attempt  has  been  made  to  detect  an  action 
of  magnetized  nickel  upon  polarized  light  transmitted  directly 
through  it.  For  this  purpose  a  thin  piece  of  glass  was  coated 
over  a  part  of  its  surface  with  nickel  by  Wright's  process*, 
the  action  being  stopped  before  the  nickel  film  became  thick 
enough  to  be  opaque.  It  Avas  found,  however,  that  the  glass 
alone,  although  only  about  -^  millim.  thick,  perceptibly  rotated 
the  plane  of  polarization  of  the  light  sent  through  it  when 
subjected  to  the  very  strong  magnetic  field  employed.  The 
action  produced  by  the  nickel  and  glass  together  was  of  the 
same  sign  as  that  produced  by  the  glass  alone  ;  and  as  the 
magnitude  of  the  effect  could  not  in  either  case  be  measured 

•  Ainer.  Joiu"n.  of  Science,  Jan.  1877,  p.  49,  and  Sept.  1877,  p.  169. 
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with  any  acciiracv,  the  exporimont  was  quite  negative  in  result. 
I  now,  however,  took  a  ghiss  tube,  fused  the  end,  and  blew  out 
the  bubble  till  it  burst.  A  piece  of  the  exceedingly  thin  film 
thus  obtained  was  subjected  to  the  action  of  the  magnet,  and 
most  strenuous  endeavours  were  made  to  detect  its  action  upon 
the  beam  of  polarized  light.  This  action  must  have  been  ex- 
ceedincrlv  >li"ht,  though  there  is  some  evidence,  which  it  is 
not  necessary  to  give,  that  it  was  detected.  The  glass,  how- 
ever, was  coated  as  the  first  piece  had  been,  and  again  with  its 
coating  subjected  to  the  action  of  the  magnet.  The  trial  was, 
for  certain  reasons,  rather  unsatisfactory  ;  and  although  no 
rotation  of  the  plane  of  polarization  was  now  detected,  I  do 
not  think  this  fact  can  be  taken  as  evidence  that  the  effect  of 
the  nickel  had  counterbalanced  the  effect  of  the  glass.  Both 
these  experiments  on  direct  transmission  have  been,  we  may 
say,  quite  negative ;  but  these  details  arc  given  as  marking 
out  a  line  of  research  which  will  probably  be  some  time 
resumed. 

An  endeavour  has  also  been  made  to  detect  a  possible  rota- 
tional effect  due  to  reflection  from  silver  i^hen  strongly  mag- 
netized*. For  this  purpose  two  strips  of  silver  upon  glass 
were  used;  and  these  strips  were  fastened  one  upon  each  pole 
of  the  magnet,  the  silyered  surfaces  being  turned  toward  each 
other  and  as  nearly  parallel  as  practicable.  The  poles  being 
brought  near  tooether  and  the  light  being  let  in  between  the 
silvered  surfaces  at  a  large  incidence,  it  was  possible  to  obtain 
twenty  or  thirty  successive  reflections  before  the  beam  emerged 
toward  the  analyzing  Nicol.  Certain  difficulties  were  intro- 
duced by  this  arrangement;  but  in  spite  of  these  I  think  that, 
if  the  action  of  silver  had  been  one  tenth  as  strong  as  that  of 
iron,  the  effect  would  have  been  detected.  No  such  effect  was 
obseryed. 


XIX.   On  the  Hesidts  obtained  from  a  Modification  of  Bun- 
sens  Calorimeter.     By  Prof .  B.  Stewart  anr/ W.  STRorDf. 

A  DESCRIPTION  of  this  instrument  was  brought  before 
this  Society  on  June  ^C\  1880,  and  afterwards  ap- 
peared in  the  Proceedings  of  the  Physical  Society,  vol.  iv. 
p.  52,  and  Philosophical  Magazine,  vol.  x.  p.  171.  The 
results    obtained  at  that    time  were    not  yery  good,  owing 

*  In  this  experiment  I  bad  the  very  efficient  assistance  of  Mr.  Arthur 
W.  "Wheeler,  Fellow  in  Physics,  whose  untimely  death  is  so  deeply 
lamented. 

t  Communicated  by  the  Physical  Society,  having  been  read  at  the 
meeting  on  June  20, 1881. 
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greatly  to  the  large  bore  of  the  capillary  tube,  which  neces- 
sitated the  use  of  a  large  quantity  of  substance,  the  conse- 
quence being  that  the  mercury  in  the  bulb  ^vas  so  much  heated 
that  the  loss  of  heat  by  radiation  was  not  inappreciable  during 
the  time  of  performing  the  experiment. 

Since  then  a  new  instrument  has  been  obtained  from  Mr. 
Casella,  having  a  much  finer  capillary  stem  with  an  empirical 
scale  engraved  on  it.  By  means  of  it  very  good  results  have 
been  obtained  with  very  small  quantities  of  substances  ;  in 
fact,  it  has  been  found  (within  certain  limits)  that  the  smaller 
the  mass  of  the  substance  the  better. 

At  first  we  endeavoured  to  make  allowance  for  the  loss  of 
heat  during  the  experiment  by  constructing  a  curve  of  cooling, 
and  adding  to  the  rise  obtained  by  dropping  in  the  substance 
the  amount  that  had  been  lost  while  the  experiment  was 
being  performed,  according  to  the  curve  of  cooling.  This 
method,  however,  did  not  yield  good  results. 

Our  final  method  of  operating  is  comparative  only ;  that  is 
to  say,  one  metal,  whose  specific  heat  is  accurately  kno's^Ti,  is 
chosen  as  the  standard  to  which  all  other  substances  are  re- 
ferred, and,  in  order  that  the  conditions  may  be  the  same  in 
all  cases,  we  first  ascertain  the  rise  obtained  by  introducing 
a  given  weight  of  mercury  at  a  given  temperature  (that  of 
the  air),  and  when  the  instrument  has  cooled  throw  in  the 
substance  whose  specific  heat  is  desired.  During  the  two 
experiments  the  temperature  of  the  air  is  usually  nearly  con- 
stant ;  and  in  that  case  no  correction  for  temperature  is 
required. 

A  second  point  to  be  noted,  is  to  put  in  such  a  weight  of 
substance  as  will  produce  about  the  same  rise  as  was  obtained 
with  the  mercury.  It  is  thus  possible  to  make  the  determi- 
nation of  the  relative  specific  heats  under  almost  precisely  the 
same  circumstances,  a  condition  which  is  eminently  conducive 
to  good  results. 

In  practical  working  with  the  instrument  the  following 
hints  may  prove  useful  : — 

1.  The  test-tube  is  always  filled  with  water  to  the  same 
height  before  being  cooled,  this  height  being  that  of  the  level 
of  the  copper  or  slightly  above  it. 

2.  About  '6  grm.  of  mercury  is  placed  at  the  bottom  of 
the  tube,  unless  the  substance  to  be  experimented  on  is 
attacked  by  mercury.  The  object  of  this  is  to  allow  the  solids 
that  are  introduced  to  part  with  their  heat  more  freely.  The 
substance  comes  thus  into  much  more  intimate  heat-contact 
with  the  mercury  of  the  thermometer  than  it  would  if  it  rested 
upon  the  glass  alone.     If,  for  instance,  some  pieces  of  sulphur 
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are  allowed  to  fall  to  the  bottom  of  the  tube,  they  sink  partly 
into  the  meronry,  and  quickly  give  up  their  heat  to  it,  so 
that  it  is  more  nearly  the  same  as  if  the  mercury  had  been 
heated. 

3.  A  large-sized  box  is  employed,  in  which  i)lenty  of  ice  is 
placed,  so  as  to  completely  surround  the  instrument. 

4.  As  the  mercury  sometimes  uioats  very  sluggishly,  gentle 
tapping,  not  vertically,  but  horizontally,  has  been  found  very 
beneficial, 

"We  will  now  take  an  example  to  illustrate  the  method  of 
working  : — 0"396  grm.  of  mercury  was  weighed  out  and 
allowed  to  remain  for  some  time  in  contact  with  the  bulb  of  a 
thermometer.  Meantime  the  instrument  was  gently  tap])ed 
and  the  height  read.  The  mercury  was  then  poured  in  after 
the  thermometer-reading  (18°*6  C.)  had  been  taken.  The 
rise  obtained  on  the  scale  -was  15.  An  experiment  with  iron 
was  then  made  ;  and  since  tbe  specific  heat  of  iron  is  about  four 
times  as  great  as  that  of  mercury,  '144  grm.,  or  about  one 
fourth  the  weight  of  the  mercury,  Avas  taken.  The  tempera- 
ture was  still  18°'6  ;  and  the  maximum  rise  obtained  was  18 ; 

.  • .  specific  heat  of  iron  ='0333  x  v>  x  -tt,  ='110. 
^  Id     144 

The  following  results  have  been  obtained  : — 


Substance.             Weight,    ^j^^^' 

■n-        Specific  heat. 
^''^-  :   Hg=0333. 

/Mercui-j  -364          168          15 

1  Sulphur   -148           17-1      1     32 

•174 

r  Mercury  

\  Iron 

[  Sulphur  

•325 
•144 
•134 

16-2          10 
16-3          15 
16^2         22 

•110 
•178 

Olercm-y  

•396 

18-6          15 

<  Iron  

•144 
•081 

18^6          18 
18.6     i     16 

•110 
•174 

(Sulphur    

Mercury 

•400 
•144 
•083 

180         14^5                         1 

Iron 

180         180 

•115 

Sulphur  

180     :    1.55 

•175 

Mercury  

Iron 

Sulphur  

•505 
•145 
•118 

15-8     1    14^5 
16^2     1    13-5 
16-2         170 

•112 
•177 

Mean  specific  heat,  i  ron '1118 

,  sul])hui-       "IToli 


True. 

•1138 
•1776 
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AX.  On  a  Systematic  Interruption  in  the  Order  of  Numerical 
Values  of  Vulgar  Fractions,  lohen  arranged  in  a  Series  of  con- 
secutive Magnitudes.  Bij  Sir  G.  B.  Airy,  K.C.B.,  Astro- 
nomer Royal*. 

SOME  years  ago  I  prepared,  with  the  aid  of  William  Ellis, 
Esq.  (Assistant  of  the  Royal   Observatory  of  Green- 
wich), the  numerical  logarithmic  values  of  all  the  Vulgar 

Fractions  — ,  in  which  m  and  n  are  prime  to  each  other  and 
n  ^ 

do  not  exceed  100  ;  and  arranged  them  in  a  Table  in  order  of 
magnitude  of  the  logarithms.  The  number  of  the  fractions  is 
30-43.  On  occasion  of  introducing  this  Table  at  a  discussion 
of  the  Institution  of  Civil  Engineers,  which  involved  the  de- 
termination of  the  number  of  teeth  of  wheels  required  to  pro- 
duce a  given  proportion  of  angular  speed,  the  Council  of  that 
Institution  decided  to  print  the  Table  in  the  Selected  Papers  of 
their  Transactions. 

The  form  of  the  Table  may  be  understood  from  the  following 
specimen  (taken  at  hazard) : — 

Vulgar  fraction.  Logarithm.  Difiereuce. 

64 

53     '^^^^^  -00009 

—  -08199 

77     ^^^^^  -00020 

^     *^^^^^  -00023 

6-^     '^^''^  .00011 

i     -0^253  .^^^^^ 

S   ''''''  -omi 

^1    -08274  ..^^.^. 

81  -00024 

^ -08298 

19 
The  average  value  of  difference  for  the  first  72  fractions  is 
•00010;  for  the  following  116  fractions  it  is  '00014;  for  the 
next  following  groups  of  116  each,  it  is  -00016,  '00016, 
•00017,  -00018,  -00019,  and  so  on,  slowly  increasing  till  we 
come  to  high  numbers.  As  representing  the  ordinary  range 
of  differences,  these  numbers  are  too  large,  because  they  include 
the  effect  of  the  special  large  differences,  of  which  I  have  now 
to  treat. 

*  Communicated  by  the  Author. 

0  2 
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In  ranging  the  eye  clown  the  cohimns  of  differences,  it  is 
seen  at  once  that  there  are  some  differences  much  larger  than 
the  rest.  On  close  examination,  it  is  seen  that  they  belong 
exclusively  to  the  Vulgar  Fractions  whose  denominators  are 
small — 1,  2,  o,  (fee.  I  now  give  the  vulgar  fractions  and  the 
logarithms  for  several  of  these  instances,  accompanied  Avith 
the  fractions  next  preceding  and  next  following,  to  show  the 
magnitude  of  the  differences. 


Denominator  of  Vulgar  Fraction  =  1. 


Z'-m^i 


-  -30103 

?5  -30544 
-49 


-0043(3 
•00441 


98 

o 

T 
100 
33 


•47272 


•47712 


•48149 


•00440 
-00437 


99 
25 

4 

1 

97 
24 


•59770 
•6020G 
•60656 


•00436 
■00450 


99 

20 
5 
T 
96 
19 


100 
67 

3 

2 


69461 


69897 


70352 


•00436 
•00455 


f^ -77360 
4  -77815 


97 

16 


00455 
■00450 


78265 


Denominator  of  Vulgar  Fraction  =  2. 


17393 

17609 


^-^  -17832 

66 


•00216 
-00223 


%  -39571 
-|  -39794 


-00223 
-00223 


94 

27  -54177 


-54407 


95 
27 


•00230 


•00229 


■54636 


Denominator  of  Vulgar  Fraction 

97  98 

73  -12345      59  -22038 

•00149  ,  .      -00147 

'  -3  -22185 

-00147  .„      -00149 


3-  -12494 


74  -12641 


08 


22334 


=  o. 

-^  -36653 
I   -36798 


96 
41 


•00145 
•00151 


■36949 


The  order  of  these  numbers  (which  have  been  examined 
much  further)  is  sufficiently  clear.     For  the  critical  or  simple 

values  of  — ,  the  logarithmic  differences  immediately  preceding 

.  *^                                              -00440 
or  following  these  simple  values  are nearly.      Now 


•00440  is  nearly  the  logarithm  of  1  +  j7y,  .     So  that  the  values 


Order  of  Numerical  Values  of  Vulgar  Fractions,  111 
of  the  three  neighbouring  fractions  in  the  first  instance  with 
denominator  1  are,  2  x  A"  Jqjj\  2,  2  x  ^1  +  — Y  in  the 

second  instance,  3  x  (^"TqT))?  ^j  3x^1  +  ^ttj?:]:  in  the  third 

instance,  4  x  ( 1  "~Taa)j  4.  4  x  f  1  +  rjvr.j,  t^c.    And  with  deno- 
minator 2,  the  values  in  the  first  instance  are  -  x  (^— <K(\),  t, 


200/  2' 


^(^■^200)'  "'   ^^^   '^^"''"^   instance,   |x(l-^j,   ?, 

K  [  1  +  .^T^J,  &c.    And  so  for  the  other  denominators.    And, 

between  the  values  thus  set  down,  there  is  no  other  value  of  a 
vulgar  fraction  whose  numerator  and  denominator  do  not  ex- 
ceed 100. 

Now  the  remarkable  circumstance  attending  these  large 
logarithmic  differences  is,  that  they  all  occur  in  the  midst  of 
small  differences.     Thus  we  have 


89 
45 
91 
46 
93 
47 
95 
48 
97 
49 

99 
50 
2 

i 

99 
49 

97 

48 

95 
47 
93 
4(5 
91 
45 


•29618 
•29628 
•29638 
•29648 
•29657 
•29667 
•30103 
•30544 
•30553 
•30562 
•30572 
•30583 


•00010 
•00010 
•00010 
•00009 
•00010 
•00436 
•00441 
•00009 
•00009 
•00010 
•00011 


and  so  for  the  others.     Thus  it  appears  that;  though  in  general 
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the  most  confident  reliance  may  be  placed  on  this  Table  for 
finding  a  vulgar  fraction  whoso  value  shall  very  nearly  corre- 
spond to  a  given  value,  yet  the  particular  cases  must  be  ex- 
cepted in  which  the  given  value  approaches  very  nearly  to  one 

of  the  critical  fractions,  t,  -,  &c.,  ^,  -^,  &c.,  .j,  73,  r,,  &c. ;  and 
so  for  others.  ^^  ^   "  6   6  6 

This  is  the  point  to  which,  as  the  leading  subject  of  this 
paper,  I  wished  to  invite  the  reader's  attention.  But,  as 
regards  the  practical  use  of  the  Table,  in  every  case  (including 
all  these  excepted  cases)  the  Table  may  be  made  available  for 
exhibiting  two  vulgar  fractions  whose  product  will  exhibit  the 
required  number  with  great  accuracy,  and  that  in  many  dif- 
ferent ways.  Suppose,  for  instance,  the  number  to  be  pro- 
duced is  2-0098,  whose  logarithm  is  0-30315.  The  nearest 
logarithms  in  the  Table  are  0-30103  and  0-30544,  which  are 
far  too  wide  for  any  accurate  purpose.  But  (among  many 
equally  favourable  combinations)  there  is  no  difficulty  in  fixing 

91 
on  the  tabular  numbers  ^  whose  logarithm  is  0*17371,  and 

97  "^ 

^  whose  logarithm  is  0-12944.     The  sum  of  these  logarithms 

.  91      97 

is  0-30315,  as  was  required;  and  therefore  2-0098  =  ^  x  =^. 

On  performing  numerically  the  product  of  these  vulgar 
fractions,  it  is  found  to  be  2*00979. 

Instead  of  sum  of  logarithms  of  vulgar  fractions,  difference 
might  be  used  if  it  were  thought  desirable. 

Royal  ObseiTatory,  Greenwich, 
1881,  August  4. 


XXI.  Note  on  the  Laboratory  at  St.  Johti's  College,  Oxfoi'd. 
By  E.  H.  M.  Bosanquet*. 

IN  the  paper  on  Beats  recently  published,  the  examination 
of  certain  simple  forms  of  Beat  was  described.  The 
then  existing  arrangements  were  not  free  from  disturbing 
noises  (engine,  shafting,  ttc);  and  it  appeared  to  me  to  be  a 
waste  of  time  to  proceed  further  Avitli  these  investigations 
until  some  improvement  in  this  respect  could  be  effected. 

A  small  hydraulic  engine  was  procured  and  attached  to  the 
main  supply.  The  pressure  available  proved,  however,  insuffi- 
cient, as  I  had  anticipated;  and  the  attempt  was  consequently 
a  failure. 

Under  these  circumstances  I  applied  to  the  College  for 

"  Communicated  by  the  Author. 
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permission  to  erect  an  additional  room  near  the  laboratory,  in 
such  a  position  that  I  could  drive  the  bellows  in  the  new  room 
by  a  belt  from  the  old  shafting,  running  through  the  windows. 
Permission  was  accorded;  and  the  new  room  is  now  in  process 
of  erection.  When  it  is  finished,  I  hope  to  make  a  more 
thorough  examination  of  the  phenomena  in  question  in  the 
direction  indicated  in  the  above  paper. 

The  engine  originally  employed  ]n-oved  to  be  defective,  in 
consequence  of  its  excessive  consumption' of  steam.  A  small 
2-horse-power  vertical  engine  has  been  substituted  for  it. 
This  is  amply  sufficient  for  the  work  required  ;  and  the  steam 
available  is  more  than  enough.  The  engine  is  now  kept  going 
the  whole  of  every  working  day;  and  it  is  consequently  always 
available  for  any  work  that  may  be  required. 

The  bellows  suffered  materially  from  the  high  temperature 
generally  maintained  in  the  laboratory.  It  has  now  been 
remade,  and  the  table  on  which  the  slides  work  has  been 
leathered.  It  answers  well  under  these  conditions,  admitting 
of  the  employment  of  a  heavy  wind  for  mechanical  purposes, 
such  as  it  would  hardly  have  borne  in  its  original  form. 

A  few  words  may  be  not  out  of  place  on  the  question  of 
leathering  the  table.  This  practice  is  never  resorted  to  as  a 
rule  by  English  organ-builders,  but  always  by  German 
builders.  English  builders  consider  that  they  can  plane  all 
the  surfaces  concerned  so  perfectly  that  leathering  is  un- 
necessary. In  actual  organ-work  small  channels  are  also 
resorted  to,  to  carry  off"  any  wind  that  may  escape  between 
the  planed  surfaces.  However  this  may  have  answered  with 
old  English  organs,  in  which  a  very  light  j^ressure  of  wind 
Avas  employed  (generally  about  2  inches  of  water),  it  certainly 
fails  to  give  satisfactory  results  with  the  heavy  pressures  now 
constantly  used ;  and  I  am  of  opinion  that  the  tables  ought 
to  be  leathered  much  more  generally  than  is  the  case.  In 
such  an  instrument  as  my  bellows  I  consider  the  leathering  of 
the  tables  to  be  essential. 

There  is  another  point  of  importance.  When  the  bellows 
is  loaded  beyond  a  certain  point  (in  my  instrument  to  about 
8  inches  of  water),  the  action  of  the  escape-valves  when  the 
bellows  is  full  gives  rise  to  vibration.  It  is  proposed,  in  order 
to  get  rid  of  this,  to  adopt  a  form  of  escape- valve  made  in  two 
pieces,  so  that  a  small  bit  at  the  end  of  the  valve  is  lifted  first, 
and  then  the  valve  itself  later.  In  this  way  the  sudden  shock 
which  causes  the  vibration  will  probably  be  got  rid  of.  But 
the  load  of  7  inches  is  sufficient  for  all  purposes  at  present; 
and  the  improvement  in  question  will  be  only  with  a  view  to 
the  general  perfection  of  the  instrument, 
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A  few  words  may  be  said  about  the  improvemonts  in  the 
arrangement  of  the  bottle-notes*  with  which  mv  investigations 
on  beats  have  been  conducted.  It  was  found  that  the  clips 
used  to  hold  the  india-rubber  tubes,  through  which  water  was 
admitted  to  the  bottles,  were  not  sufficiently  tight,  and  the 
arrangement  of  a  small  reser\oir  to  each  note  was  not  conve- 
nient. The  corks  were  also  frequently  defective  ;  and  it  was 
found  difficult  to  procure  them  sound  when  of  the  proper  size. 
A  number  of  india-rubber  corks  were  obtained,  two  inches 
in  diameter  ;  and  the  bottles  were  fitted  with  these.  A  number 
of  glass  stopcocks  were  also  obtained,  such  as  are  used  in  ordi- 
nary chemical  apparatus.  In  this  way  the  difficulty  as  to  the 
tightness  of  the  water-tubes  was  completely  overcome. 

An  india-rubber  tube  was  carried  from  the  water-supply  of 
the  laboratory,  and  slipped  on  to  any  of  the  glass-stopcock 
tubes  into  which  water  was  to  be  introduced.  An  aspirator 
was  similarly  employed  at  first  to  remove  water  when  required. 
But  it  was  ultimately  found  more  convenient  simply  to  detach 
the  end  of  the  india-rubber  tube  from  the  water-supply,  and  let 
the  end  hang  down  over  the  waste.  When  the  india-rubber  tube 
is  full  of  water,  this  constitutes  a  simple  and  efficient  aspirator. 
By  these  means  any  of  the  notes  can  be  tuned  with  considerable 
accuracy  ;  also  the  notes  can  be  made  to  change  slowly  and 
continuously  at  any  desired  speed,  by  running  the  water  slowly 
in  or  out.  This  is  an  important  point  in  the  demonstration 
of  the  propei'ties  of  difference-tones,  as  some,  for  instance 
De  Morgan,  have  maintained  that  the  combination-tones  only 
exist  at  definite  points.  By  this  arrangement  the  change  of 
the  difference-tones  can  be  followed  continuously  throughout 
their  whole  course.  The  ordinary  difference-tone  was  long 
ago  demonstrated  by  Tyndall  continuously,  so  that  the  point 
is  not  new;  but  the  present  method  of  demonstration  is  very 
convenient. 

The  bottles  do  not  give  good  notes  much  above  the  middle 
of  the  treble  staff  (about  a').  For  notes  above  this,  so  far  as 
I  have  examined  them,  I  have  used  ordinary  organ-pipes,  both 
stopped  and  open,  as  in  this  region  little  depends  on  the  quality 
of  the  notes  employed.  But  the  particular  phenomena  I  have 
hitherto  worked  at  are  most  clear  in  the  lower  part  of  the 
scale,  in  which  the  peculiar  purity  of  the  bottle-notes  is  avail- 
able for  the  demonstrations. 

During  the  last  severe  winter  the  laboratory  was  almost 
uninhabitable,  and  little  was  done.  An  arrangement  for 
heating  by  gas  with  ventilation  proved  a  failure  ;  the  moisture 
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condensed  in  the  ventilating-tubes,  and  injured  the  machinery. 
The  arrangement  has  been  removed. 

The  principal  work  done  since  that  time  has  been  the  con- 
struction of  two  disk  machines  and  the  clock  governor.  One 
rather  elaborate  disk  machine  with  clock  governor  attached  is 
finished  and  ready  for  experiment.  The  disks  are  made  of 
brass,  and  have  thirty  radial  slots.  If  the  machine  is  suc- 
cessful, it  will  enable  determinations  of  tuning-forks  to  be 
made  with  great  accuracy  by  merely  striking  them  and  looking 
at  them  through  the  revolving  disk. 

A  good  deal  of  incidental  work  has  been  done,  on  the  prin- 
ciple that  it  is  best  to  provide  complete  and  efficient  apparatus 
for  every  point  as  it  arises.  In  particular,  considerable  addi- 
tions have  been  made  to  the  lathe,  including  an  overhead 
motion  (the  existing  back-motion  proving  insufficient  for 
some  purposes). 

In  slotting  the  disks  in  the  lathe,  it  was  found  that  saws  of 
the  ordinary  form  were  unsuitable  for  the  purpose,  as  they 
soon  choked  when  imbedded  in  the  brass.  This  difficulty 
was  overcome  according  to  a  principle  suggested  by  Willis. 
Where  choking  takes  place,  the  number  of  cutting-teeth  is  to 
be  reduced.  A  small  steel  circular  saw  was  therefore  con- 
structed with  four  teeth  only  on  the  circumference ;  by  means 
of  this  the  disks  were  slotted  on  the  lathe  without  difficulty. 
A  new  tool,  however,  has  been  recently  invented  in  Oxford, 
which  promises  to  overcome  this  difficulty  by  the  application 
of  more  power  to  the  ordinary  saw.  It  will  also  extend  greatly 
the  applicability  to  all  forms  of  circular  cutter,  whose  use  has 
hitherto  been  limited  by  the  same  difficulty. 

The  first  disk  machine  constructed  consisted  simply  of  a 
solid  foundation  carrying  the  spindle  on  which  the  disk  re- 
volved with  a  small  driving-pulley,  and  a  counting-arrange- 
ment. It  was  driven  by  a  fine  string  which  passed  round  the 
driving-pulley  and  a  large  pulley  on  the  shafting  over  head. 
The  string  slipped  without  much  friction  on  the  driving-pulley. 
So  long,  then,  as  the  speed  of  the  shafting  was  greater  than  that 
corresponding  to  the  required  speed  of  the  disk,  the  disk  could 
readily  be  kept  to  any  exact  speed  by  the  application  of  any 
simple  form  of  break.  I  think  this  arrangement  very  pro- 
mising ;  but,  from  various  circumstances,  it  did  not  seem  to  be 
exactly  what  I  was  immediately  in  want  of,  and  I  proceeded 
to  construct  the  second  machine,  which  is  of  a  more  elaborate 
character. 

The  driving  part  of  the  second  machine  is  worked  by  an 
endless  rope  and  a  weight.  The  rope  passes  also  through  an 
independent  machine  by  which  the  winding-up  is  effected 
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either  by  the  eiif;ine  or  by  band.  In  tliis  way  a  power  is 
secured  which  is  independent  of  the  variations  of  the  ultimate 
source  of  power.  The  arrangement  by  which  the  endless  rope 
drives  and  is  wound  up  are  identical,  and  deserve  a  moment's 
attention. 

This  arrangement  is  I'ounded  on  a  combination  attributed  to 
Sir  C  Wren,  described  in  Willis's  '  Principles  of  Mechanism.' 
The  description,  however,  is  either  incomj)lete  or  inaccurate; 
and  I  had  to  try  some  models  before  I  arrived  at  the  form  1 
have  adopted. 

The  arrangement  of  Wren  is  figured  at  p.  431  of  "Willis. 
It  consists  of  two  parallel  cylinders,  in  each  of  which  four 
circular  grooves  are  cut.  The  rope  is  passed  round  the  cylin- 
ders as  if  it  M'ere  wound  on  the  two  together  from  outside, 
being  in  contact  with  half  a  circumference  at  each  point  of 
contact,  and  thence  passing  to  the  other  cylinder.  I  have 
found  the  peculiarities  on  entering  and  leaving  the  system 
best  avoided.  In  Willis's  description  the  machine  is  supposed 
to  be  applied  to  winding  up  a  weight,  and  the  force  is  shoAvn 
as  if  applied  by  a  handle  to  one  of  the  cylinders  only.  I  made 
a  model,  and  found  that  it  would  not  do,  as  I  suspected  ;  for 
there  are  only  three  half  turns  of  the  rope  on  the  cylinder  to 
which  the  power  is  applied,  and  that  is  not  enough  to  secure 
adhesion.  The  second  cylinder,  with  its  three  or  four  more 
half  turns,  contributes  nothing  to  the  application  of  power. 
But  it  seemed  to  me  that  if  both  cylinders  were  driven  by  an 
intermediate  toothed  wheel,  so  that  they  were  rigidly  con- 
nected, the  end  required  would  be  attained,  as  there  would 
be  then  six  half  turns  of  the  rope,  equivalent  to  three  whole 
turns,  in  contact  with  the  i)Ower,  and  this  would  be  enough 
to  secure  adhesion.  And  this  in  fact  turned  out  to  be  so.  I 
had  the  cylinders  cast  with  the  grooves  upon  them,  and  then 
bored  them  out  in  the  lathe  true  to  the  grooves,  so  as  to  avoid 
removing  the  rough  skin  of  the  cast  metal  in  the  grooves. 
This  gives  the  rope  ample  hold;  and  the  arrangement  works 
satisfactorily.  A  separate  rope-ratchet  is  employed  in  the 
winding  arrangement,  which  prevents  the  cylinders  from 
letting  the  ^\  eight  down,  and  works  noiselessly. 

The  pair  of  driving-barrels  drives  a  train  of  which  the  lowest 
wheels  are  cast  iron  and  the  upper  gun-metal.  The  mode  in 
which  the  power  is  transmitted  to  the  disk-spindle  is  peculiar. 
A  screw  of  half-inch  pitch  was  cut  in  the  lathe  on  the  half-inch 
steel  spindle;  this  is  driven  by  a  gun-metal  wheel  about  o  inches 
in  diameter,  on  which  lt<  teeth  are  cut ;  and  the  action  between 
these  teeth  and  the  screw  presents  some  curious  points.  The 
only  model  I  could  find  for  such  an  action  is  that  of  musical 
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boxes,  whose  fly-wheels  are  driven  by  au  arrangement  of  this 
kind.  In  these  the  teeth  of  the  driving-wheels  are  cut  quite 
roughly  :  they  are  mere  slits,  and  are  cut  straight,  not  to  the 
angle  of  the  screw.  I  first  cut  the  required  teeth  in  the  shape 
of  square  slots,  cut  to  the  angle  of  the  screw,  but  not  rounded 
or  finished  in  any  way.  The  wheel  so  cut  drove  the  disk 
beautifully.  I  then  gave  some  further  cuts  to  the  sharp  edges, 
and  rounded  them  oif*  so  as  to  fit  the  surface  of  the  screw  rather 
neatly.  The  wheel  then  refused  to  drive  the  disk  at  all.  It 
appeared  as  if  the  greater  surface  in  contact  increased  the 
friction  so  as  to  stop  the  action.  Eventually  I  cut  away  the 
greater  part  of  the  rounded  edges  of  the  teeth  again,  and  the 
wheel  now  drives  the  disk  quite  well.  I  believe  that  straight 
square  slots,  in  which  the  surtace  in  contact  would  be  reduced 
to  a  minimum,  would  be  the  best  form  of  tooth  for  this  purpose. 

The  differential-velocity  machine,  Avhich  forms  the  essential 
part  of  the  clock  governor,  has  been  constructed  according  to 
the  description  given  in  my  original  paper.  No  points  calling 
for  mention  arose  in  connexion  with  it. 

A  number  of  electro-pneumatic  levers  have  been  supplied 
by  Messrs.  Bryceson,  for  the  purposes  indicated  in  my  original 
paper.  Connected  with  the  bellows,  having  wind  of  a  pressure 
equi^■alent  to  7  inches  of  water,  each  lever  lifts  easily  a  2-lb. 
weight  through  nearly  an  inch,  on  passing  a  current  through 
its  circuit.  A  pair  of  these  levers  is  applied  to  drive  one  side 
of  the  differential-velocity  governor  from  the  clock,  while  the 
other  side  of  the  governor  is  driven  by  the  disk-machine. 

When  this  was  all  ready,  and  the  electric  connexions  were 
tried,  it  appeared  that  there  was  something  wrong  with  the 
circuits,  which  consist  of  two  underground  cables  connecting 
my  rooms  with  the  laboratory.  As  much  with  a  view  to 
general  convenience  as  for  this  particular  examination,  I  took 
the  opportunity  of  forming  a  sufhcient  set  of  resistance-coils 
and  other  testing-apparatus.  The  resistance-coils  were  copied 
from  standards  in  my  possession.  One  of  the  cables  proved 
to  have  been  cut  across,  forming  a  fault  with  an  earth-con- 
nexion. The  Leclanche  battery,  which  had  always  given 
trouble,  j^i'oved  also  insufficient  for  maintaining  the  requisite 
power  for  any  length  of  time.  A  suitable  battery  has  not  yet 
been  obtained  ;  but  that  will  not  present  any  difficulty.  A 
clock  with  wooden  seconds'  pendulum  has  been  prepared  for 
occasional  use  in  the  laboratory  itself,  that  we  may  not  be 
interrupted  by  any  further  failure  of  the  circuits.  But  it  is 
judged  best  to  keep  the  standard  clock  in  my  rooms,  where  it 
is  unaffected  by  the  variations  of  temperature  that  occur  in 
the  laboratory.     Some  preparation  has  been  made  for  other 
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work;  but  I  confine  m}'self  here  to  ■svhat  has  been  actually 
done.  It  is  hoped  that  the  difficulties  are  now  for  the  most 
part  overcome,  and  that  the  attainment  of  further  results  is 
not  far  distant. 


XXII.  Remarks  on  Dr.  Mills^s  Researches  on  Thermometry. — 
No.  II.  B;i  T.  E.  Thorpe,  Ph.D..  F.R.S.,  and  A."  W. 
RiJcKER,  M.A.* 

IN  a  criticism  on  Dr.  Mills's  Researches  on  Thermometry, 
published  in  the  July  number  of  the  Philosophical  Maga- 
zine, we  stated  that  we  believed  that  he  had  committed  an 
error  which  "  upsets  all  the  inferences  drawn  by  him  from  his 
formulas"  relating  to  the  movement  of  the  zero  of  a  mercu- 
rial thermometer  Avith  changes  of  temperature.  In  his  reply, 
Dr.  Mills  informs  us  that  he  has  "so  far  failed  to  follow"  the 
section  of  our  paper  in  which  this  remark  occurs,  "  that  he  is 
unable  to  discuss  it«"  It  is  evident  that  the  question  at  issue 
between  us  cannot  thus  be  left  unsettled.  We  ])urpose  there- 
fore briefly  to  notice  some  of  the  points  on  which  Dr.  Mills 
has  replied  to  us,  and  to  attempt  to  make  still  clearer  those 
which  he  disregarded  as  unintelligible. 

Exposure  Correction. — Dr.  Mills  is  wrong  in  thinking  that 
we  questioned  the  accuracy  of  his  statement  that  the  "  correc- 
tion-factors "  for  his  thermometers  were  the  same  at  certain 
temperatures  named  by  him.  What  we  stated  (Phil.  Mag. 
July  1881,  p.  12)  was,  that  his  method  of  presenting  his  results 
''  tends  to  exaggerate  the  importance  of  the  variation  of  the 
corrections."  To  this  we  adhere — and  the  more  strongly, 
inasmuch  as  Dr.  Mills's  immediately  succeeding  remarks 
afford  an  example  of  the  confusion  introduced  into  the  discus- 
sion of  the  subject  by  his  habit  of  dealing,  not  with  the  quan- 
tities which  it  was  his  object  to  determine  {e.  g.  corrections, 
positions  of  the  ice-point),  but  with  subsidiary  quantities  (cor- 
rection-factors, total  remaining  ascents),  by  which  they  ai-e 
only  indirectly  measured. 

We  stated  that,  in  our  opinion.  Dr.  Mills's  experiments 
prove  that  the  "exposure  corrections  [expressed  bv  ?/  = 
(a  +  yQN)(T-ON]  below  100°  C.  arc  in  the  case  of  three  out 
of  four  similar  thermometers  practically  identical ;"  and  we 
supported  our  view  by  an  example  calculated  for  100°  C. 
Dr.  Mills  retorts  that  our  inference  is  clearly  wrong,  because 
at  lower  temperatures  the  differences  of  the  correction-factors 
(?.  ^.  of  « + /3N)  are  greater  than  at  100°.      Tliis  we  fully 

*  Cominunicated  bv  the  Authors. 
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admit;  but,  on  the  other  hand,  tit  the  lower  temperatures  both 
X  and  T— i  must  be  less  than  at  100°.  They,  too,  are  factors 
of  the  correction;  and  if  their  variations  are  taken  into  account, 
our  statements  that  the  example  worked  out  by  us  was  favour- 
able to  Dr.  Mills's  views,  and  that  the  corrections  for  three  of 
the  thermometers  were  practically  identical  below  100°,  are 
strictly  correct.  Let  us  investigate  this  point  a  little  more 
fully.  ^ 

The  corrections  may  be  considered  as  practically  identical 
if,  in  the  case  of  any  thermometer,  we  may  substitute  for  the 
correction  peculiar  to  it  the  mean  of  the  corrections  obtained 
from  all  the  thermometers. 

For  the  thermometers  referred  to  by  us  (2,  3,  and  6)  the 
expression  for  the  mean  correction  is 

?/  =  (-00013591  +  '000000051152N)N(T-0. 

Subtracting  this  from  the  correction  for  thermometer  2,  we 
get  the  diflFerence 

8  =  (-00000557--OO0000013272X)X(T-O. 

If  N  varies,  the  maximum  value  of  this  expression  occurs  when 
N  =  210  scale-divisions  (each  of  which  on  Dr.  Mills's  thermo- 
meters was  a  millimetre  in  length,  and  corresponded  approxi- 
mately to  0°*25  C).  Making  the  same  liberal  assumption  as  in 
our  last  communication,  that  T  — ^  =  100,  we  obtain,  if  we  write 
A  for  the  maximum  difference  from  the  mean  correction, 
A  =  0'06  division. 

For  thermometer  3  we  get  (neglecting  signs)  A=  O'OTdiv. 
when  X  =  335  div.  In  the  case  of  thermometer  G  the  two 
curves  intersect  below  400  div.  The  correction-difference  is  a 
maximum  and  =  O'Ol  div.  when  X  =  111  div.,  is  zero  when  X  = 
222  div.,  and  is  =0*05  div.  when  X  =  400  div.  The  largest  of 
the  above  values  of  A  is  a  little  above  the  error  of  reading;  and 
we  may  for  a  moment  digress  to  say  that  we  do  not  think 
there  is  any  difference  of  opinion  between  ourselves  and  Dr. 
Mills  as  to  the  value  of  this  quantity.  We  said  it  is  "  impos- 
sible to  read  with  certainty  to  less  than  a  tenth"  of  a  milli- 
metre. Dr.  Mills  can  read  "  fairly"  (i.  e.  not  with  certainty) 
to  a  twentieth.  We  have  frequently  had  occasion  to  read  the 
same  thermometer  independently.  We  invariablv  agree  to 
0°'01  (i.  e.  on  our  thermometers  to  a  tenth  of  a  millimetre), 
thus  showing  that  the  error  of  reading  is  +0*05  millim. 

To  return,  however,  to  our  argument.  If,  instead  of  taking 
the  three  thermometers  with  respect  to  which  our  statement 
was  made,  we  take  all  four,  we  find  for  thermometer  4  (that 
previously  excluded)  A  =  0*23  div.  when  X  =  400  div.     For 
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thermometer  2,  A=0'11  when  N=273.  In  the  case  of  ther-» 
mometer  3,  A  =  0'01  when  N=15(3;  5  vanishes  when  N  =  312, 
and  is  0*01  when  N  =  400.  Finally,  in  the  case  of  thermo- 
meter 6,  the  largest  value  of  8  is  0*13,  wliich  occurs  when 
N  =  40O. 

Of  these  quantities,  the  value  of  A  for  thermometer  4  is 
considerably  in  excess  of  the  error  of  reading.  It  is  not  in 
this  case,  however,  a  (juestion  of  the  error  of  reading  only. 
An  experiment  conducted  with  an  exposed  scale  is  in  that 
respect  conducted  under  unfavourable  circumstances  ;  and  the 
other  errors  thus  introduced  are  far  more  important.  This 
can  readily  be  shown  from  Dr.  Mills's  own  paper. 

He  says  (Trans.  Roy.  Soc.  Edinb.  1880,  p.  570)  that  there 
appeared  to  be  in  the  experiments  some  source  of  variation 
which  I  could  not  detect."  Thus  the  value  of  the  correction- 
factor  varied  between  OOOOllo  and  0-0001G4  in  the  first  of 
the  three  series  of  observations  of  which  details  are  given, 
between  O'00O136  and  O'0001()5  in  the  second,  and  between 
0-000140  and  0-0001 GG  in  the  third.  On  the  other  hand,  the 
mean  correction-factor  for  all  the  thermometers,  and  that 
for  thermometer  4,  both  calculated  for  N  =400  div.  (for  which 
in  this  case  8  has  its  largest  value),  are  0*000155  and  0-000149 
respectively.  The  difference  between  these  numbers  is  evi- 
dently well  within  the  above  limits  of  error,  and  is  in  fact 
exactly  equal  to  the  probable  error  of  a  single  determination 
as  calculated  by  Prof.  Mills. 

On  the  Avhole,  then,  we  are  disposed  to  extend  rather  than  to 
withdraw  our  previous  statement,  and  to  say  that  Dr.  Mills's 
experiments  go  far  to  prove  that  the  exposure  correction  below 
100°  C.  is  practically  the  same  for  all  similar  thermometers. 
Nor  is  this  a  matter  of  slight  importance.  Dr.  Mills's  inves- 
tigation of  the  ex})Osure  correction  of  one  of  his  thermometers 
involved  2160  readings.  Had  his  conclusion  that  "  each  ther- 
mometer is  proved  to  have  its  own  independent  equation  for 
exposure  correction"  been  correct  in  the  sense  that  the  differ- 
ences were  important,  every  observer  working  with  exposed 
thermometers,  who  wished  to  attain  the  highest  possible 
degree  of  accuracy,  Avould  in  like  manner  have  been  compelled 
to  make  hundreds  or  even  thousands  of  observations  on  each 
instrument.  He  would  have  had  either  to  repeat  Dr.  Mills's 
research,  or  to  undertake  some  not  less  difficult  and  laborious 
comparison  with  a  standard  for  which  the  correction  was 
known.  Dr.  ]Mi]ls  cannot,  therefore,  be  surprised  if,  before 
consenting  to  accept  such  a  yoke,  we  closely  examine  the 
grounds  upon  which  it  is  imposed.  We  believe  that  he  has 
rendered  a  greater  service  to  his  fellow-workers  than  he  him- 
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self  supposed — that  he  has  removed,  instead  of  imposing  a 
burden.  If  he  had  bestowed  some  of  the  attention  he  has  de- 
voted to  the  variations  of  the  correction-factor  on  those  of  the 
correction  itself,  he  would  not  have  left  it  for  us  to  point  out 
that  the  latter  are  negligible.  As  it  is,  the  error  introduced 
by  taking  the  mean  correction  for  similar  thermometers  instead 
of  that  for  the  thermometer  actually  employed,  never  exceeded 
the  probable  error  of  an  observation  ;  and  the  chances  appear 
to  be  three  to  one  that,  with  a  given  thermometer,  under  the 
most  unfavourable  circumstances  of  exposure  and  temperature- 
difference,  it  cannot  exceed  half  that  amount. 

Passing  on  to  the  next  point  noticed  by  Dr.  Mills,  he  is 
mistaken  in  thinking  that,  by  a  confusion  between  the  correc- 
tion-factor and  the  correction,  we  have  attributed  to  him  the 
statement  that  it  is  possible  "  for  the  correction  for  a  thermo- 
meter with  an  exposed  column  166  divisions  long  to  be  equal 
to  that  of  another  when  no  part  of  the  column  is  exposed." 
As  a  matter  of  fact  his  paper  does,  owing  to  a  misprint,  impli- 
citly contain  this  statement;  and  the  passage  to  which  he  refers 
is  a  reduciio  ad  ahsurdum  to  show  that  a  misprint  must  exist. 

Zero-movements. — On  the  question  of  nomenclature  we 
have  little  to  add.  We  agree  that  words  are  sometimes  used 
in  other  than  their  usual  significations  in  '^physical  writings.*' 
In  such  cases,  however,  good  reasons  for  departure  from  ordi- 
nary usage  are  generally  forthcoming,  and  the  word  is  defined 
on  its  first  introduction  in  its  new  sense. 

We  now  come  to  the  point  which  Dr.  Mills  fails  to  under- 
stand ;  and  in  our  further  remarks  upon  it  we  will  confine  our- 
selves to  the  case  of  Henrici's  thermometer. 

Unfortunately,  we  cannot  discuss  the  question  "  mathema- 
tical formulae  apart,"  as  Dr.  Mills  seems  to  wish.  The  Avhole 
point  turns  upon  the  deductions  drawn  by  Dr.  Mills  from 
his  mathematical  formula,  which  cannot,  therefore,  be  dis- 
pensed with. 

The  "total  remaining  ascent"  of  Henrici's  thermometer  is 
expressed  by  Dr.  Mills  by  the  equation 

^=2-100(-931)-^--099(l-360)-^.      .     .     .     (1) 

AVe  concluded  that  the  position  of  zero  (Z)  is  connected  with 
y  by  the  relation 

Z=--^+i/, (2) 

a  conclusion  supported  by  the  fact  that  this  equation  holds  for 
all  the  five  values  of  y  and  of  the  "  zero  observed,'^  given  in 
Table  VII.  But  if  this  is  so,  since  y  has  no  maximum  or 
minimum  value,  Z  cannot  have  one  either.     The  motion  of  the 
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zero  is  thus  given  by  the  formula  as  unchangeable  in  direction. 
It  is  not  reversed  when  .y  =  0;  and  the  evidence,  if  of  any  value 
outside  the  range  of  the  experiments,  is  directly  opposed  to 
the  theory  of  the  three  movements  of  the  zero  of  a  thermo- 
meter. 

To  make  the  matter  clearer,  we  reproduce  Dr.  Mills's  table 
with  three  additional  rows,  which  are  separated  from  the  rest 
by  a  line,  and  with  some  additions  to  the  headings  of  the 
columns. 


Zero  observed.             y           '  y  calculated  from  j 
^-                       Z.                   =2+Z.            formula  (1). 

0 
1 
'6 
4 

O'OO         1        2-00                       — 
-0-10                  1-00         1             1-92 
-0-25                  1-75                      1-73 
-0-40                  1-60                     1-Hl 
-0-60                  1-40                      1-45 

9 

0-35 
10 

-1-81                  0-19 

-200                  0-00 

-2-41                  -0-41 

The  last  three  numbers  in  the  second  column  arc  calculated 
from  the  formula  _y  =  2  +  Z.  The  Table  shows  that  the  zero 
continues  to  descend  though  y  becomes  negative.  The  same 
considerations  may,  »H/^a^/s?/iu?(7?if//.<!,  be  applied  to  Dr.  Mills's 
own  thermometers.  The  only  one  for  which  there  is  a  critical 
value  is  thermometer  3  ;  and  that  corresponds  to  a  negative 
value  of  .r.  There  is,  we  believe,  no  flaw  in  this  argument, 
and  it  certainly  is  not  abstruse  ;  but,  in  view  of  the  ambiguity 
of  the  term  "  total  remaining  ascent,"  we  assumed,  when 
writing  before,  that  Dr.  Mills  juight  be  able  to  explain  the 
difficulty.  "We  therefore  reminded  him  of  certain  canons  for 
the  use  of  empirical  formuUv;,  which,  if  his  conclusions  were 
not  invalidated  by  the  previous  objection,  were  applicable  to 
the  case  under  discussion.  His  admission  that  these  were  not 
novel  does  not  explain  his  disregard  of  them. 

In  concluding  his  reply  to  our  paper.  Dr.  Mills  seeks  to 
reduce  our  criticisms  to  "  an  obvious  misprint,  a  slip  in  arith- 
metic, a  question  of  mere  nomenclature,  and  the  like.''^ 

The  misprint  was  only  incidentallj-  noticed  in  a  discussion  as 
to  whether  his  method  of  exposition  did  not  exaggerate  the 
importance  of  the  variations  of  the  exposure  correction — a  dis- 
cussion which,  as  we  have  seen,  involves  the  whole  scope  and 
meaning  of  this  portion  of  bis  work. 

The  slip  in  arithmetic  occurred  in  the  formula  Avhich, 
though  Dr.  Mills  has  never  emploj-ed  it  himself,  is  the  first  to 
which  anv  one  desirous  to  make  use  of  his  results  would  turn. 
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The  question  of  nomenclature  "was  avowedly  introduced  to 
show  that  Dr.  Mills  had  involved  the  subject  in  some  obscu- 
rity, and  that  therefore,  if  we  had  misunderstood  him  in  the 
more  important  matter  to  follow,  we  must  ask  for  indulgence. 

The  remainder  of  our  paper  was  occupied  with  a  discussion 
as  to  the  accuracy  of  his  deductions  from  his  equations.  He 
himself  says  {loc.  cit.  p.  574)  it  is  important  to  illustrate  these; 
and  he  can  therefore  hardly  stigmatize  as  triviality  the  ques- 
tion as  to  whether  the  illustrations  are  correct. 


XXIII.  Inverse  Problem  of  Criticoids.  By  Sir  James  Cockle, 
M.A.,  F.R.S.,  F.R.A.S.,  F.C.P.S.,  Mem.  Lond.  Math.  Sac, 
Corr.  Mem,  Lit.  and  Phil.  Soc.  Manchester,  Hon.  Mem. 
Roy.  Soc.  JS^ew  South  Wales,  late  Pres.  Queensland  Phil.  Soc.^ 

1.  ~T^  a  "  Supplement  on  Binomial  Biordinals,"  recently 
-L  printed  in  the  '  Proceedings  of  the  London  Mathema- 
tical Society^  (vol.  xiii.  pp.  63-72),  I  have,  in  certain  cases, 
linked  a  binomial  of  the  second  with  one  of  the  third  order 
wherein  the  symbolical  factors  of  both  numerator  and  denomi- 
nator are  in  arithmetical  progression.  The  theory  of  criticoids 
expounded  in  these  pages  sheds  a  light  upon  this  resitlt  and 
gives  a  foreshadowing  of  others. 

2.  All  binomial  terordinals  may  be  included  in 

^      3  a  +  ex"  dy       Sf+gx"  dy       l_h  +  h^    _^ 
dx^      X  l+o;"  dx'^      x^  1+.?;"  dx      a7^TT^^~    ' 

3.  For  brevity  I  put 

1  +  .k",       a  +  ex^^ = X,     ai, 

/■+  gx"",      h  +  kx"  =  as,     a^, 

and  denote  differentiations  by  accents,  thus,  and  by  a  multi- 
plication, changing  the  terordinal  into 

XxY"  +  da^x'Y  +  3<f2^y  +  a3y  =  0. 

4.  Take  the  criticoid,  \az.  deprive  the  equation  of  its  second 

term  by  assuming  a  new  dependent  variable  5;,  =yx'^X\~**'),  and 
divide  by  the  leading  coefficient.     We  thus  get 

wherein  s  and  t  are  defined  by 

XVs  =  L  +  Ma;«  +  Na;2«, 
X^xH  =  P  +  Qx"  +  R.r2"  +  Sa-3». 

*  Communicated  bv  tlie  Author. 
Phil.  Mag.  S.  5.  Vol.  12.  No.' 74.  Sept.  1881.  P 


190  Sir  James  Cockle  on  the 

5.  The  form  of  the  quadricriticoid  s  does  not  vary  with  the 
order  of  the  equation.  Consequently  the  formulae  which  I 
gave  in  this  Journal  for  February  1875*  enable  us  to  write 
down  at  once 

L=/— a^  +  a, 

M=/+5r  — 2ae  +  («  +  l)a  — (;i  — l)e, 

N=^  — e^  +  f; 

and  the  interchanges  {a,e),  (f,f/),  and  («,  — ?i)  reverse  the 
order  L,  M,  N. 

6.  The  last  coefficient  t,  which  I  call  the  cubicriticoid  (Phil. 
Mag.  for  March  1870),  is 

where,  in  differentiating,  it  should  be  noticed  that 

7.  We  obtain  on  development, 
P=/i-3a/+2a=^-2a, 

Q  =  2h  +  k—S{ag  +  ef+  a/)  +  6a'e 

+  {n+l)(ii—4:)a  —  (n  —  l)(n  —  '2)e, 
R=h  +  2k-  o(ag  +  ef+  eg)  +  Qae^ 

-{n+  \){n  +  2)a  +  (n-  l)(;i  +  4)e, 

^=h-^eg  +  2e^-2e, 

where  the   interchanges    («,<?),   (f,g),   (.h,k),  and  {n, —n) 
reverse  the  order  P,  Q,  R,  S. 

8.  Hence,  writing 

a— 6=1], 

L-M  +  N=Z», 
P-Q  +  R-S=2B, 
3(P  +  S)-(Q  +  R)  =  6C, 
we  find  the  following  relations  :  — 

B  =  (ri  —  n)r]{rj  +  n)  =  —  (77  —  7i)h, 
C  =  l>-^{'N-L)rj. 

*  Thiti  paper  of  February  187o  has  a  sequel  iu  the  Number  for  Mav 
1880.  ^ 
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9.  This  last  is  obtained  from 

Q={a  +  ef-  ^ae{a  +  e)-^{g  -/+  n)  n 
=:(a^  —  e-  +  c/  —f+ 11)7} 

by  eliminating  (/—/'and  introducing  h. 

10.  These  relations  give  rise  to  the  system 

B=K3^  +  v/^?=^)&, (1) 

C  +  &=-KN-L)(n  +  v/;?^;^),       .     .     (2) 

wherein  the  radical  is  to  be  taken  Tvith  the  same  sign 
throughout. 

11.  Thus  far  the  process  is  direct.  Now  invert  the  problem 
and  suppose  that  we  have  given  us  the  equation  in  z,  and  that 
we  are  asked  whether  it  can  be  made  to  take  a  binomial  form. 
The  answer  is  this.  When  (1)  and  (2)  are  identically  satisfied 
it  can  be  made  to  take  such  a  form.  And  since  (3)  only  de- 
termines a—e,  we  may  give  any  value  we  please  to  one  of  the 
quantities  a,  e,  and  we  shall  nevertheless  have  four  disposable 
quantities,/',^,  //,  and  k,  wherewith  to  satisfy  the  four  out- 
standing equations  which,  apart  from  (1),  (2),  and  (3),  have 
still  to  be  satisfied. 

12.  Proceeding  thus  we  shall  be  led  to  a  symbolical  teror» 
dinal  which  I  write 

/(D>  +  A'«F(D)c=0, 
wherein 

/(D)  =  [Dp  +  3a[D]^  +  3/D  +  A, 

F(D)  =  [D]^  +  3^[DP  +  3^D  +  h, 

and  F(D)  is  obtained  from /(D)  by  the  change  of  a,f,  h,  into 
€,  g,  k  respectively. 

13.  Now  let 

/t=3(a-l)/'-a(rt-l)(2a-l),     .     .     .     (iv) 

k^^{e-l)g-e{e-l){2e^l);     .     .     .      (v) 
then 

/(D)  =  (D  +  a-l)p=  +  2(a-l)D  +  3/-a(2a-l)}, 

F(D)  =  (D  +  e~l)JD2  +  2(6-l)D  +  3^^-<2e-l)}, 

and  the  factors  of  both  /(D)  and  F(D)  are  in  arithmetical 
progression  ;  and  the  transfer  of  .r"  from  the  left  to  the  right 
does  not  affect  this  property. 

14.  But  (iv)  and  (v)  are  respectively  equivalent  to 

P  +  3L  =  0, (4) 

S  +  3N=0 (5) 

P2 
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Consequently  when  (1),  (2),  (4),  and  (5)  are  satisfied  identi- 
cally, and  7}  is  determined  from  (3),  and /,<•/,  h,  and/:  from  the 
outstanding  equations,  the  factors  are  in  arithmetical  pro- 
gression. 

15.  Let  n  =  d,  then 

XlrV=-2L  +  (M-8L>i-  +  (4N-5M>«-2N.v^; 
and  if  the  terordinal  in  z  is  of  the  fonn 

the  conditions  (4)  and  (5)  are  satisfied  identically.  Moreover 
2B  =  db  identically;  and  if />=|,  (1)  is  satisfied  identically,  as 
is  (2).     But  this  last  terordinal  can,  if  4t  =  9  be  linked  with 

a  biordinal  (compare  Proc.  L.  M.  S.  vol.  xiii.  p.  65,  art.  41, 
p.  67,  art.  47,  p.  68,  art.  52,  and  p.  70,  art.  61). 

16.  Next,  if  we  start  from 

we  can  derive  from  it 

I/'"  +  3\ij"  +  ?>8u'  +  {?>s'  +  9A.6)y  =  0, 
whence,  taking  the  criticoid, 

zf"  +  3{s-X'-\')z'  +  {;ds'  +  ^\s  +  2\^-\")z  =  0. 

17.  Write  this  in  the  form 
z"'  +  Zs^z'^t2Z  =  0, 


and  define  \  by 
we  get 


3Xa'\=A  +  E. 


.3. 


XV52=L2  +  M2.'C^  +  N2A'«, 

X\v% = P2  +  Q2.«'  +  E2'«'  +  S2^i''; 

and  Ave  now  deal  Avith  the  suffixed  quantities  {s.2,  Lj, . . )  as 
we  did  with  those  unsuffixed  (.v,  L, ..),  but  ultimately  ex- 
pressing the  suffixed  in  terms  of  the  unsuffixed  quantities. 
Thus  we  take  the  system  («  =  3), 

B2  =  K9  +  V9-462)?>2, (1)2 

C2  +  Z>2=-K^'2-L2)(3  +  v/9^^^2),       •     •     (2)s 

,72=-K3  +  v/l>^^2) ^3)2 

18.  Developing,  we  find 

L3  =  L-A-  +  A, 

M2  =  M-2AE  +  4A-2E, 

N2=N-E-  +  E: 
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and,  introducing  for  convenience  two  new  quantities  defined 

by 

A  +  E,     A-E  =  n,     w, 

we  get 

19.  Again,  we  have 
P2=6(A-1)L  +  2A=^-2A, 

Q2=6(A-E  +  AM  +  EL)  +  3M-24L-4A-2E, 
R,  =  6(AE--^  +  AN  +  EM)-15M  +  12N-20A  +  14E, 
S2  =  6(E-1)N  +  2E3-2E. 

20.  Hence  we  find 

B2=((B  +  3){&)(w-3)  +  3^/}, 
C2=6(n-2)-(2&)  +  3)(N-L)  +  w(a)n  +  3) 

and,  consequently, 

C2  +  &2  =  (^  +  a)')(n-l)-(2a)  +  3)(N-L). 

21.  The  equations  corresponding  to  (4)  and  (5)  are 

(2A-l){A(A-l)  +  3Lf=0,     .     .     .     (4)2 
(2E-l)P(E-l)  +  3Xf=0,     .     .     .     (5)2 

which  give  rise  to  four  sets  of  relations. 

22.  First,  take  the  set 

A(A-1)  +  3L=0,     E(E-1)  +  3X=0; 

we  deduce  from  it 

3(N-L)  =  a)(n-1), (6) 

3(N  +  L)=-K^-2_^w^)  +  n:    ....     (7) 

and  the  penultimate  combined  with  the  last  equation  of  art.  20 


o-ives 


C2  +  ^2=(3^+&)-3)(N-L). 

23.  Again, 

N2-L2  =  N-L  +  «(o_i)  =  4(N-L); 

so  that  the  equation  (2)2  becomes,  after  reduction  and  substi- 
tution, 

a)(w  +  3)  +  3Z»  +  2(uv/9— 46  +  4(o(q)  +  3)  =  0. 

24.  Write  (1)2  in  the  form 

B2-|62  =  iW9^^2. 
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which  reduces  to 

(2&)  +  3)  \Q){(o  +  3)  +  3b}  =&2n/0^^2; 
then,  since 

(2co  +  3)2=4a>(a)  +  3)  +  9, 

if  we  introduce  an  auxiliary  W,  such  that 

W=a)(&)  +  3), 

the  above  equivalent  for  (1)2  can  be  put  under  the  form 

(W  +  3Z>)v/4W  +  9  =  (6-W)\/9-46  +  4W; 

while  the  last  equation  of  art.  23  becomes 

W  +  36=-2a)v/9-46  +  4W, 
if  we  transpose.     Hence,  by  division, 

x/4WT9(  =  2a)  +  3)=-^^; 
or,  substituting  for  W  and  reducing, 

3a)(a)  +  l)=  —b, 
whence 

25.  But,  squaring  the  equivalent  for  (1)2, 

(W  +  36)2(4W  +  9)  =  (6-W)2(9-46  +  4W), 
whence 

(3W  +  6  +  3)-'=9-126, 
and 

W  =  a>(Q)  +  3)=-l-g4.\/rrp. 

26.  Solving  this  quadratic  in  co, 

o,=i(_l+\/I^:|6), 
or 

of  which  solutions  the  latter  is  irrelevant,  because  it  does  not 
solve  the  equivalent  of  (2)2.  But  the  former  satisfies  both  (1)2 
and  (2)2. 

27.  Recurring  to  art.  22,  and  writing  (7)  in  the  form 

and  eliminating  il  —  1  between  (6)  and  (7),  we  find 

l-6(N  +  L)=(|y(N-Ly  +  «^;      •     •     (8) 
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whence 


v/l-12L=-(N-L)  +  OT, 
ft)  ^  ' 


N/l-12N=-(N-L)-ft); 
ft)  ^ 

and  we  can  give  (8)  the  form 

\/i^^l2L-'/l-12N=2a>=  -H-v/l^/*. 

28.  We  need  not  rationalize  this  equation,  which  indeed 
is,  practically,  rational.  For,  if  we  take  the  criticoid  of  the 
biordinal 

(D-/3i)(D-^2)^^  +  (D--«i)(D-«2>'r«  =  0. 
we  get  a  result  of  the  form 

(1  +  .v^.i-v"  +{l+  mx"  +  nx")  i"  =  0; 
where,  taking 

«!— a,,     «i  +  «2  — /3i— /Sg,     /3i— /3o  =  J,  U,  I, 
we  have 

4Z=l-r,     4m  =  (U-2y-(2  +  P  +  P),     4n=l-P. 

29.  In  the  last  biordinal  change  the  independent  variable 
from  x^  to  t^',  then  write  x  in  place  of  t  and  take  the  criticoid. 
We  get  a  result  of  the  form 

and  this,  compared  with  the  biordinal  of  art.  16,  gives 

X=3L,    /x  =  3M,     v=3N. 

30.  But 

relations  which  yield 

\-lj,  +  v=^(l-m+n),     \-v  =  l{l-n). 

31.  Consequently 

12L=4X=9/-f=l-|P; 
so 

12N  =  l-fJ2, 
and 

&  =  L-M  +  N=|(X-/i  +  f/)  =  |(/-7?i  +  ?i). 

32.  Hence 

1-12L=|P,     l-12N=fP, 
and 

l-|6  =  l-(Z-m  +  7i)  =  (U-2)--^4, 
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33.  It  follows  that  the  relation  of  art.  27  may  be  represented 
by  some  case  of 

±3(I±J)±(U-2)  +  2  =  0; 

and  when  this  single  condition  is  fulfilled,  the  biordinal  can 
be  linked  with  a  terordinal  whereof  the  factors  in  both  nume- 
rator and  denominator  are  in  arithmetical  progression.  The 
values  of  the  arbitrary  or  indeterminate  quantities  A  and  E 
will,  of  course,  have  to  be  properly  assigned. 

34.  Returning  to  art.  21,  we  get  a  second  and  a  third  set 
of  relations,  viz. 

A=i+Vi=L,    E=i, 
and 

A=i,    E=Kv^r^; 

and  in  either  case  we  have 

:(0-l)2=o>2. 

35.  Taking  the  second  set  (E  =  -^),  we  see  that  €1  —  1  =  0), 
and  that  (0)0  leaves  N  free.  But  it  would  seem  that  the  four 
conditions  cannot  be  fulfilled  unless  L,  M,  N  be  connected  by 
at  least  two  relations.  This  last  remark  applies  also  to  the 
third  set  (A  =  -^),  wherein  O  — 1=  —o),  and  (4).,  leaves  Lfree. 

3G.  In  the  fourth  set  (A,  E  =  ^)  we  have  both  L  and  N  left 
free  and  H  — 1,  &)  =  0.  And  if  we  take  the  radicals  positively, 
(1)2  and  (2)2  are  each  satisfied  by  l>  =  0  or  by  U=  —2.  Thus, 
bearing  in  mind  Boole's  transformations,  we  may  say  that 
when  tJ  is  an  even  integer,  the  biordinal  can  be  linked  with  a 
terordinal  of  the  form  described  in  art.  33.  This  last  result 
is  confirmed  by,  and  confirms,  another  process  by  which  I  have 
arrived  at  it,  and  (compare  Proc.  L.  M.  S.  vol.  xiii.  pp.  67-68), 
combined  with  what  is  otherwise  known,  leads  to  the  conclu- 
sion that  when,  of  the  three  expressions  I,  U,  J,  one  is  4(t  +  ^), 
i  being  an  integer,  and  the  remaining  two  are  unevenly  even 
integers,  then  the  biordinal  is  finitely  soluble. 

2  Sandringham  Gardens,  Ealing, 
July  25,  1881. 


XXIV.  I^ote  on  the  Index  of  Refraction  of  Ebonite, 
By  W.  E.  Ayrton  and  John  Perry*. 

XN  a  note  communicated  to  the  Royal  Society  (printed  in 
'  Nature,'  No.  596,  vol.  xxiii.  March  31, 1881),  we  described 
how,  by  using  a  selenium  cell,  lent  us  by  Mr.  Bidwell,  and  a 

*  Communicated  by  the  Physical  Society,  having  been  read   at  the 
Meeting  on  June  25, 1881. 
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pair  of  delicate  Bell's  telephones,  -we  had  succeeded  in  showing, 
1st,  that  there  was  refraction  when  intermittent  radiation  from 
the  oxyhydrogen  light  passed  through  an  ebonite  prism ;  and, 
2ndly,'that  the  index  of  refraction  of  that  ebonite  was  approxi- 
mately 1'7. 

Exceedingly  great  care  had  to  be  taken,  in  consequence  of 
the  feebleness  of  the  sounds  given  out  by  the  telephones;  and, 
from  the  nature  of  the  experiment,  we  obtained  the  index  of 
refraction  for  that  narrow  baud  of  rays  which  experienced  least 
absorption. 

Shortly  after  these  results  were  published.  Prof.  Fitzgerald, 
of  Dublin,  suggested,  in  conversation,  the  possibility  of  check- 
ing them  by  measuring  the  polarizing  angle  of  light  reflected 
from  ebonite,  on  the  assumption  that  the  refracted  ray  is  at 
right  angles  to  the  reflected  one  when  giving  maximum  pola- 
rization. Subsequently  Dr.  Jellett  was  so  kind  as  to  make 
these  experiments,  the  results  of  which  Prof.  Fitzgerald  per- 
mits us  to  quote.  The  mean  index  of  refraction  for  ebonite 
thus  obtained,  on  Fresnel's  theory,  was  1"611. 

Later  on  we  repeated  our  selenium  experiments,  replacing 
the  intermittent  oxyhydrogen  light  with  an  intermittent  elec- 
tric light,  and  increasing  the  electromotive  force  in  the  sele- 
nium telephone-circuit  to  about  60  volts.  A  confirmation  of 
our  former  result  was  obtained;  but,  although  we  were  able  to 
take  greater  precautions  to  ensure  accuracy,  we  obtained  no 
more  than  a  confirmation ;  and  from  the  difficulty  of  hearing 
the  weak  sounds  in  the  telephones,  we  felt  that  the  index  of 
refraction  thus  measured  might  be  as  much  as  1'8  or  as  small 
as  1"6, 

In  the  course  of  these  experiments,  however,  it  was  noticed 
that  visible  red  rays  were  certainly  refracted;  and  consequently 
we  proceeded  to  make  measurements  according  to  ordinary 
optical  methods,  using  the  apparatus  shown  in  the  figure. 
L  (fig.  1)  is  a  fairly  powerful  electric  light  produced  by  a 
Gramme  machine ;  C  is  a  glass  lens  giving  a  parallel  beam  of 
light,  part  of  which  passes  through  the  slit,  S,  g^  inch  wide, 
and  falls  on  the  edge  of  the  ebonite  prism  P.  F  is  a  frame 
holding  tissue-paper,  which  can  be  moved  about  P  as  centre, 
and  which  carries  an  index,  I,  pointing  to  the  graduations  on 
the  circle,  as  seen  in  fig.  2.  There  was  a  fine  vertical  line  in 
the  middle  of  the  tissue-paper;  and  HGr,  forming  about  one  third 
of  the  paper,  was  well  blackened.  First  this  screen  was 
moved  into  such  a  position  that  the  edge  of  the  prism  threw  a 
black  shadow  which  was  bounded  by  the  fine  central  line,  and 
between  that  line  and  the  blackened  portion  H  G  was  a  thin 
band  of  white  light.     In  fact  a  narrow  beam  from  the  slit  fell 


198  On  the  Index  of  Refraction  of  Ebonite. 

Fig.  1.  Fig.  2. 


on  the  edge  of  the  prism ;  and  half  was  stopped  by  the  prism, 
the  other  half  going  on.  The  index-reading  in  this  position  was 
taken;  and  now  the  screen  was  moved  round  until  a  red  spec- 
trum was  seen.  At  the  least-refrangible  end  this  spectrum  termi- 
nated nearly  abruptly,  as  the  ordinary  visible  spectrum  usually 
does  ;  and  this  end  was  made  to  coincide  with  the  central  line 
in  the  screen,  and  the  index-reading  taken  when,  after  moving 
the  prism  itself,  it  was  supposed  that  we  had  minimum  devia- 
tion. The  index-reading  was  also  taken  in  the  same  way  for 
the  most-refrangible  end  of  the  visible  spectrum  ;  but  as  this 
did  not  die  away  at  all  abruptly,  and  as  the  whole  spectrum 
was  very  faint,  the  second  set  of  measurements  merely  gives 
a  rough  idea  of  the  amount  of  spectrum  that  was  visible.  The 
mean  of  a  number  of  observations  made  by  different  observers, 
and  the  results  of  Avhich  were  closely  in  accord,  gave  1'66  as 
the  index  of  refraction  for  the  well-defined  least-refrangible 
end,  and  1*9  as  the  average  result  for  the  badly-defined  most- 
refrangible  end. 

As  the  slit  in  the  metal  diaphragm  used  with  the  selenium 
experiments  had  to  be  much  wider  than  that  employed  with  the 
simple  light-experiments,  we  cannot  of  course  tell  what  exact 
part  of  the  spectrum  produced  the  sound:  probably  it  was  at 
about  the  least-refrangible  end  of  the  visible  spectrum;  but  it 
may  have  been  the  dark  rays  just  beyond. 

►Summing  up  the  results  of  the  various  experiments,  we  have 
for  the  index  of  refraction  of  certain  specimens  of  ebonite: — 

Ebonite  prism,  selenium,  and  telephones     .     .  about  1*7 
Measurement  of  polarizing  angle  by  reflection       „     1*611 

Least  refracted  end  of  visible  spectrum  produced  by  ")  ,  .pp 
ebonite  lens  having  an  angle  of  28°'5  .     about  J 
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In  a  paper  by  Captain  Abney  and  Colonel  Festing,  recently 
read  before  the  Physical  Society  and  printed  in  the  Philoso- 
phical Magazine  for  June,  on  the  Transmission  of  Radiation 
through  Ebonite,  reference  is  made  to  our  original  experi- 
ments; and  the  authors  say  that,  judging  from  the  figure 
accompanying  our  Note,  they  should  think  that  the  thickness 
of  the  ebonite  prism  traversed  by  the  intermittent  beam  must 
have  been  about  one  fourth  of  an  inch.  We  are  afraid  that  that 
figure  is  liable  to  give  this  misconception ;  in  drawing  it  we 
were  merely  paying  attention  to  the  directions  of  the  incident 
and  refracted  beam,  and  not  to  the  actual  thickness  of  the 
ebonite,  which  was  in  fact  very  small  indeed  where  the  inter- 
mittent beam  passed  through  it. 


XXY.   On  Instruments  for  Measuring  and  Recording  Earths 
quake-Motions.    By  Thomas  Gray,  B.Sc,  F.R.S.E* 

[Plate  ni.] 

I.  Rolling-Sphere  Seismograph. 

THE  instrument  which  I  have  called  a  rolling-sphere  seis- 
mograph will  be  readily  understood  from  the  accompa- 
npng  sectional  drawing  (fig.  1).  A  sphere  of  lead,  iron,  or  any 
other  heavy  substance  rests  on  a  flat  plate,  B,  made  truly  plane 
and  furnished  with  three  levelling-screws,  L.  An  arm,  A,  fixed 
to  the  base,  B,  is  so  formed  that  a  circular  ring  fixed  to  its  end 
is  held  in  a  horizontal  position  with  its  centre  vertically  above 
the  highest  point  of  the  sphere.  This  ring  carries  a  species  of 
spring  universal  joint,  consisting  of  four  very  light  bent  springs, 
^',  arranged  at  right  angles  to  one  another  and  meeting  in  a  small 
round  disk,  b,  at  the  centre.  The  lower  end  of  the  lever,  Z, 
passes  through  this  ring  h,  and  is  fixed  to  it  at  such  a  point 
that  its  lower  end,  which  is  rounded,  just  fits  a  small  hole  in 
the  top  of  the  sphere  S.  Between  S  and  b  a  small  sphere,  s, 
is  fixed  to  the  lever  /,  and  is  so  proportioned  that  the  lever  /, 
when  pushed  at  b,  tends  to  rotate  around  a  point  a  little  above 
its  lower  end,  thus  diminishing  the  push  on  the  sphere  S. 
The  springs  j  serve  to  allow  the  lever  I  to  turn  in  any  direc- 
tion, and  are  made  so  light  that  they  can  only  make  the  ball 
roll  with  a  very  long  period.  "When  thus  proportioned  they  serve 
the  purpose  of  a  universal  joint,  and  at  the  same  time  give  a 
little  stability  to  the  parts,  thus  preventing  the  plate  P, 
if  it  be  put  in  motion,  from  causing  the  ball  to  roll  over. 
The  lever  I  is  a  rod  of  bamboo  which  is  at  the  same  time 

*  Communicated  by  the  Author. 
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very  light  and  rigid ;  at  the  upper  end  the  rod  is  flattened  and 
hinged  just  above  the  bend  by  a  piece  of  tough  Japanese  paper 
glued  to  its  upper  side.  This  gives  a  very  light,  flexible,  and 
sufticiently  strong  hinge.  The  plate  P  may  be  in  a  plane 
which,  by  proper  starting-apparatus,  will  bo  set  in  motion  at 
the  beginning  of  an  earthquake,  or  it  may  be  taken  as  part  of 
a  roller  or  of  a  circular  plate  kept  continuously  in  motion  by 
proper  mechanism. 

This  instrument  possesses  the  advantage  of  being  compact, 
of  writing  the  actual  motion,  and  of  being  capable  of  recording 
with  approximate  accuracy  earthquakes  of  much  greater  mag- 
nitude than  can  be  recorded  by  most  of  the  instruments  in 
ordinary  use. 

The  multiplication  given  by  an  instrument  of  the  sort  may 
be  determined  experimentally ;  or  it  may  be  approximately 
calculated  by  taking  a  point  0  at  a  height  equal  to  seven  fifths 
of  the  radius  of  the  large  sphere  S  as  nearly  steady.  In  a 
locality  where  the  motion  of  the  ground  is  considerable,  the 
lever  I  must  of  course  be  made  to  give  little,  or  perhaps  no 
multiplication. 

In  several  instruments  of  this  class  which  have  been  con- 
structed for  the  observation  of  earthquakes  in  Japan,  a  seg- 
ment only  of  the  sphere  S  has  been  used,  with  an  independent 
mass  placed  on  a  pivot  at  the  centre  of  oscillation  (arranged 
in  this  case  to  be  above  the  centre  of  the  sphere),  and  of  such 
magnitude  as  to  make  the  equilibrium  nearly  neutral.  This 
method  of  construction  allows  the  radius  of  the  sphere  to  be 
much  increased  ;  but  it  introduces  a  difiiculty  of  adjustment, 
a  complication  of  parts,  and  generally  a  slight  want  of  sym- 
metry, which  causes  a  little  uncertainty  in  the  interpretation 
of  the  records. 

The  static  records*  given  b}-  this  machine  are  ■\ery  interest- 
ing. These  are  simply  enlarged  representations  of  the  motion 
of  the  earth;  and  are  in  many  cases  very  curious,  having  gene- 
rally a  resemblance  to  the  curves  obtained  when  two  harmonic 
motions,  not  in  the  same  direction,  are  combined. 

II.  Rolling-Cylinder  Seismograph. 

In  this  instrument  (fig.  2)  a  pair  of  hollow  cylinders,  C,  C, 
made  perfectly  equal  in  thickness  and  in  length  by  turning  in  a 
lathe,  are  placed,  with  their  axes  horizontal  and  mutually  at  right 
angles,  on  a  smooth  plane  plate,  P,  furnished  with  levelling- 
screws,  S.  An  arm,  A,  fixed  to  the  plane,  and  therefore  forced 
to  move  with  it,  passes  over  the  top  of  one  of  the  cylinders, 

•  That  is,  the  records  taken  with  the  plate  on  which  the  motions  are 
recorded  at  rest  relatively  to  the  earth. 
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and  carries  two  recording-levers,  /,  V.  The  lever  /  is  pivoted 
at  p  and  p';  and  its  action  can  be  readily  understood  from  the 
figure.  The  lever  I'  is  crank-shaped,  and  is  hinged  to  a  cross 
piece  b,  fixed  to  the  front  of  the  cylinder  C  and  to  the  arm  A 
at  Pj.  This  cross  piece  rotates  as  the  cylinder  I'otates;  and  by 
properly  adjusting  its  length  and  the  ratio  of  the  arms  of  the 
lever  /,  the  multiplication  can  be  made  the  same  as  for  /.  A 
drum  carrying  smoked  paper  (shoAvn  at  D),  or  a  circular  glass 
plate,  may  be  revolved  in  front  of  the  plate,  and  hence  a  record 
of  the  different  movements  of  the  earth  obtained. 

In  this  instrument  the  principle  of  neutral  equilibrium  can 
be  carried  out  to  great  perfection,  as  cylinders  can  be  made 
with  great  accuracy.  It  seems  probable,  from  the  preliminary 
trials  that  have  been  made,  that  this  arrangement  may  be 
improved  by  allowing  a  smaller  cylinder  to  roll  freely  inside  the 
large  one.  The  advantage  of  this  is  the  stability  it  gives,  and 
the  quickness  with  which  the  cylinder  comes  to  rest  in  its  new 
position  after  any  motion. 

An  interestino-  modification  of  this  machine  mio-ht  be  made 
by  placing  two  equal  cylinders  on  a  horizontal  plate  Avitli 
their  axes  parallel,  and  placing  on  them  a  second  horizontal 
plate  so  that  its  upper  surface  should  always  be  in  a  plane 
through  their  instantaneous  axes.  This  could  be  done  by  causing 
the  plate  to  rest  by  means  of  arms  on  two  pairs  of  smaller  cylin- 
ders of  proper  dimensions,  so  disposed  that  each  of  the  larger 
cylinders  should  bear  at  each  end  one  of  the  smaller  cylinders 
coaxial  with  the  larger  cylinder  and  projecting  from  it.  A 
third  cylinder  placed  on  the  upper  plate  with  its  axis  at  right 
angles  to  those  of  the  first  two  would,  for  small  motions  of  the 
earth,  have  a  line  in  itself  which  would  remain  approximately 
at  rest.  Hence  by  proper  registering-apparatus,  perhaps 
similar  to  that  adopted  for  my  rolling-sphere  seismograph,  a 
record  of  the  motion  of  the  earth  might  be  obtained. 

The  instrument  is  shown  in  the  diagram  as  arranged  for  the 
registration  of  small  motions  ;  but  it  is  easy  to  modify  this 
arrangement  so  as  to  provide  for  the  registration  of  motions 
ranging  in  amplitude  from  a  fraction  of  a  millimetre  to  several 
feet.  All  that  is  necessary  is  to  arrange  that,  for  very  large 
motions,  the  multiplying-lever  shall  go  out  of  action,  allowino- 
a  direct-record  arrangement  to  take  its  place.  A  very  simple 
method  of  Avriting  large  motions  would  be  to  attach  a  fine 
point  to  the  end  of  the  cylinder  at  its  centre,  and  allow  this 
point  to  write  on  a  plate  placed  in  front  of  it  and  fixed  to  the 
base-plate  P.  For  countries  where  the  earthquake-motion  is 
measured  in  centimetres  instead  of  in  millimetres,  as  is  the 
case  in  Japan,  an  instrument  of  this  form  might  prove  of  great 
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value,  while  by  the  arrangement  shown  in  the  figure  it  can  be 
made  to  write  any  motion  of  sufficient  magnitude  to  be  appre- 
ciated. 

The  point  p'  is,  of  course,  placed  in  the  instantaneous  axis, 
of  which  the  position  is  easily  found  in  the  case  of  this  instru- 
ment. Let  h  be  the  height  of  the  instantaneous  axis  above 
the  plate  P,  R  the  external  radius,  and  r  the  internal  radius 
of  the  cylinder,  then 

3RM2: 
2R     ' 

from  which  it  is  easy  to  see  that,  in  the  case  of  a  thin  cylinder, 
the  instantaneous  axis  is  nearly  on  the  inner  surface  of  the 
cylinder.  In  the  case  of  the  instrument  actually  constructed, 
11=8  and  7'  =  7,  and  therefore 

192  +  49 
/*=  — zr-i —  =  15'06  near]}-. 


III.  Pendulum  Seismograph. 

About  a  year  ago  (Jan.  1880)  I  began  to  make  experiments 
on  horizontal  levers  pivoted  at  one  end  and  loaded  at  the  other, 
with  the  view  of  obtaining  a  body  in  approximately  neuti'al 
equilibrium,  which  by  its  inertia  would  give  a  means  of  record- 
ing the  motions  of  the  earth  during  an  earthquake.  The 
levers  which  I  used  were  about  30  centimetres  long  between 
the  load  and  the  pivots;  and  the  load  was  generally  about 
5  kilogrammes.  This  mass  remained  steady  even  when  an 
oscillatory  motion  of  two  or  three  centimetres  was  given  to 
the  pivoted  end  of  the  lever,  if  that  motion  was  at  right  angles 
to  the  length  of  the  lever.  When  the  motion  was  oblique, 
however,  there  was  a  tendency  for  the  mass  to  change  its 
position,  probably  due  to  the  direct  impulses  given  to  it  not 
quite  neutralizing  each  other.  This  change  of  position  is  not 
of  vital  importance  if  the  successive  motions  be  recorded  on  a 
moving  plate  ;  but  as  I  was  not  at  that  time  inclined  to  use 
clockwork  in  connexion  with  the  machine,  and  it  formed  a 
great  objection  when  a  static  record  was  used,  I  did  not  go 
further  in  the  matter.  The  experimental  machine,  however, 
proved  an  excellent  instrument  for  class-room  illustrations  of 
inertia;  and  as  such  I  have  since  used  it  in  my  lectures  on  that 
subject.  It  is,  of  course,  easy  to  give  an  arrangement  of  this 
kind  sufficient  stability  to  prevent  permanent  displacement ; 
but  when  so  arranged  it  has  little,  if  any,  advantage  over  an 
ordinary  pendulum,  and  has  some  marked  disadvantages. 

I  came  to  the  conclusion  at  that  time  that  the  ordinary  ver- 
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tical  pendulam  is  the  most  convenient,  and  probably  the  most 
accurate,  instrument  for  static  records  of  earthquakes  ;  and  a 
machine,  based  on  the  pendulum  principle,  was  described  by 
me  before  the  Seismological  Society  of  Japan  in  March  1880; 
and  a  description  with  drawing  is  given  in  the  'Proceedings.' 
A  description  of  that  machine,  and  of  some  improvements  I 
have  since  made  in  it,  forms  the  subject  of  this  part  of  my 
paper. 

The  machine  consisted  of  an  ordinary  simple  pendulum 
about  3  feet  in  length,  the  bob  of  which  was  of  considerable 
mass.  From  the  centre  of  inertia  of  the  bob  three  threads 
radiated,  and  were  attached  to  three  light  pulleys  arranged  at 
equal  distances  apart  on  the  circumference  of  a  horizontal 
circle  having  its  centre  at  the  centre  of  the  bob.  To  these 
pulleys  very  light  indices  were  attached,  the  points  of  which 
turned  above  graduated  arcs,  and  showed  the  motion  of  the 
earth  magnified  twenty-five  times.  The  three  components 
were  taken  for  the  purpose  of  showing  without  ambiguity  the 
direction  of  the  motion,  if  it  had  a  definite  direction,  and  of 
gi-vdng  information  as  to  whether  there  was  a  multiplicity  of 
directions  of  motion.  This  machine  was  of  course  only  capable, 
under  the  most  favourable  circumstances,  of  giving  the  ampli- 
tude of  the  greatest  motion,  this  being  indicated  by  the  per- 
manent displacement  of  the  pulleys  and  indices. 

The  improvements  on  this  machine,  to  which  I  now  call 
attention,  are,  first,  a  method  of  rendering  the  pendulum  dead- 
beat,  and,  second,  a  modification  of  the  mode  of  fixing  the 
pointers  to  the  pulleys. 

A  well-known  objection  to  pendulum  machines  is  their  ten- 
dency to  acquire  a  swinging  motion  during  the  earthquake, 
this  of  course  causing  their  indications  of  extent  of  motion  to 
be  untrustworthy*.  I  have  found,  after  a  considerable  number 
of  trials,  that  this  objection  can  be  almost  wholly  overcome  by 
a  very  simple  process.  Let  a  rod  be  adjusted  in  such  a  way 
that  it  can  slide  freely  in  a  vertical  direction  through  holes  in 
two  plates,  one  above  and  the  other  below  the  centre  of  the 
bob,  but  as  near  to  its  centre  as  possible.  Load  this  rod  until, 
with  its  sharp  point  touching  a  glass  plate,  it  offers  suflicient 
friction  to  bring  the  pendulum  to  rest  after  one  half-swing, 
when  the  initial  displacement  is  about  that  of  the  largest 
earthquake  likely  to  occur.  A  load  of  30  grammes  will  be 
found  sufficient  in  Japan  for  a  o-foot  pendulum:  the  bob  of 
which  weighs  10  kilogrammes.  With  this  simple  addition  to 
the  pendulum  its  swinging  "snll  be  almost  wholly  avoided,  and 

*  See  Professors  Ayiiou  and  Perry's  paper,  "On  a  Neglected  Principle 
in  Earthquake  Measitvenients,"  Phil"  Mag-.  Aug.  1879. 
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the  amplitude-indications  rendered  nearly  absolute.  It  may 
bo  objected  that  this  friction  will  cause  the  amplitude  for  each 
individual  motion  to  be  shown  too  small.  But  I  find  on  trial 
that  the  permanent  displacement  which  this  is  capable  of  pro- 
ducing is  almost  inappreciable,  and  that  the  displacement  due 
to  a  motion  of  the  glass  plate  backwards  and  forwards  at  a 
period  nearly  corresponding  with  the  period  of  the  pendulum 
is  not  very  great,  even  if  two  or  three  times  repeated. 

The  improvement  in  the  mode  of  attaching  the  pointers  was 
called  for  by  the  fact  that,  even  with  the  lightest  pointers  which 
could  be  conveniently  made,  the  rotational  energy  imparted 
to  them  by  the  shock  made  them  swing  too  far  round.  This 
I  got  over  by  hanging  the  pointers  by  a  bifilar  suspension 
from  the  lower  side  of  the  pulleys.  AVhen  the  pulleys  and 
pointers  are  so  arranged,  the  pull  on  the  pendulum  can  be 
made  almost  infinitesimal  ;  and  yet,  since  the  indices  are  not 
forced  to  move  with  the  pulley,  but  rather  tend  to  check  its 
motion,  the  indications  are  very  nearly  accurate. 

I  may  remark  that  the  indications  of  these  machines,  a  con- 
siderable number  of  which  have  been  in  use  for  some  time, 
tend  to  show  that  there  is  no  definite  direction  of  movement, 
or,  in  other  w^ords,  that  the  successive  impulses  contain  vibra- 
tions in  different  azimuths.  No  doubt  much  of  this  is  due  to 
the  existence  of  direct  and  transverse  vibrations,  such  as  we 
may  expect  from  the  theory  of  vibrations  in  elastic  solids. 

Besides  exercising  a  controlling  power  on  the  pendulum, 
the  friction-point  can  be  made  to  describe  very  interesting 
curves  on  the  glass  plate  if  it  be  previously  smoked.  These 
curves  in  some  of  the  larger  earthquakes  have  indicated  a  very 
complicated  motion  of  the  earth. 

IV.  Double-Lever  Seismograph* . 

In  the  course  of  my  experiments  on  the  horizontal-lever 
arrangement,  I  was  informed  by  Prof.  Milne,  to  whom  I  had 
shown  my  experiments,  that  a  very  similar  arrangement  had 

*  This  paper  is  for  the  most  part  extracted  from  an  account  of  a  seis- 
mograph constructed  on  the  principle  described,  wliich  was  communicated 
to  the  Seismological  Society  of  Japan  at  its  meeting  on  January  26, 1881. 
The  only  differences  between  the  instrument  here  described  and  that 
figured  in  the  '  Transactions '  of  the  Society,  are  some  variations  in  size  and 
in  details  of  construction  wliich  have  been  suggested  by  experience.  The 
instrument  there  described  was  made  veiy  small,  the  horizontal  levera 
and  frame  caiTying  them  being  all  surrounded  by  the  ring  li,  which  had 
in  tliat  case  an  internal  diameter  of  about  12  centimetres.  It  was  found 
inconveniently  compact,  and  was  besides  difficult  to  construct  accurately. 
As  the  instrument  now  described  is  almost  wholly  of  wood,  its  first  cost 
is  very  small. 
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been  for  some  time  used  by  Prof.  Chaplin  at  the  Tokio  Uni- 
versity. I  have  since  heard  from  Prof.  Chaplin  that  he  ob- 
tained the  idea  from  a  Zollner's  pendulum.  Prof.  Chaplin  was 
no  doubt  the  first  in  this  country,  perhaps  the  first  anywhere, 
who  applied  this  certainly  valuable  arranoement  to  the  measure- 
ment of  earthquake-motion.  While  talking  over  my  experi- 
ments, Mr.  Milne  expressed  a  strong  desire  to  have  a  direct 
record  of  the  earthquake  from  some  such  arrangement;  but  a 
suitable  mode  of  obtaining  it  did  not  then  suggest  itself. 
Since  that  time,  however,  it  has  occurred  to  me  that  two 
levers  hinged  together  will  not  only  give  this  arrangement, 
but  will  avoid  at  the  same  time  one  very  serious  source  of 
disturbance,  namely  the  shock  which  the  mass  receives  in  con- 
sequence of  the  direction  of  motion  not  being  at  right  angles 
to  the  direction  of  the  lever.  Acting  on  this  idea,  I  made  a 
sketch  of  the  arrangement  described  in  this  paper,  and  showed 
it  to  Mr.  Milne,  who  at  once  offered  to  give  the  instrument  a 
trial  if  I  did  not  care  to  do  so.  In  consequence  of  this,  one  of 
these  instruments  has  been  in  course  of  construction  for  some 
time,  but  unfortunately  has  not  yet  (March  23)  been  finished 
sufficiently  for  exhibition  to  the  Society. 

Tlie  principle  and  form  of  this  machine  will  be  readily  un- 
derstood by  reference  to  fig.  3.  A  post,  P,  resembling  in  all 
respects  a  light  gate-post,  is  fixed  firmly  in  the  ground;  and 
to  it  a  species  of  gate.  A,  is  hinged  in  a  manner  almost  iden- 
tical in  form  with  that  usually  adopted.  The  hinge,  H,  is 
capable  of  being  moved  backwards  and  forwards,  its  position 
being  regulated  by  the  nut,  N,  and  from  side  to  side,  its  posi- 
tion in  that  direction  being  regulated  by  two  screws,  s,  put  in 
from  opposite  sides  of  the  post.  These  adjustments  are  all 
that  arc  necessary,  after  the  instrument  is  properly  constructed, 
to  allow  neutral  equilibrium  to  be  obtained.  The  lower  pivot 
H  rests  against  the  bottom  of  a  conical  hole  cut  in  such  a  way 
that  the  pressure  will  be  along  the  axis  of  the  cone.  The 
upper  hinge  H  is  a  knife-edge  resting  against  the  side  of  a 
round  hole.  The  hinges  H',  H'  are  exactly  similar  in  con- 
struction to  H,  H. 

The  gate  A  is  15  centim.  long,  and  60  centim.  high ;  the 
central  piece  is  a  round  bamboo  tube  of  about  4  centim.  dia- 
meter, and  the  cross  pieces  hard  wood  firmly  fixed  to  the  cen- 
tral piece.  By  adopting  a  symmetrical  form  like  the  above, 
the  proper  positions  of  the  hinges  H,  H'  are  readily  calculated, 
while  the  tubular  form  of  the  vertical  piece  gives  great  tor- 
sional rigidity  with  small  weight.  The  front  gate,  B,  is 
similar  in  form  but  in  every  way  lighter,  as  it  does  not  require 
to  withstand  a  twisting  force  such  as  acts  on  A.  The  lower  half 
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of  B  is  slightly  dittbrcnt,  a  light  bracket  being  introduced  for 
the  purpose  of  raising  the  ring  W,  and  allowing  room  for  the 
registering-lever.  The  ring  K  is  pivoted  so  that  it  can  turn 
round  a  vertical  axis,  thus  rendering  more  definite  the  point 
which  remains  steady.  A  stiff  bar,  b,  fixed  to  the  post  P  at 
one  end,  carries  the  universal  joint  in  which  the  writing-lever, 
/,  turns.  This  universal  joint  consists  of  four  very  light  bent 
springs,  fixed  at  the  lower  end  to  a  round  ring,  an<l  at  the 
upper  end  to  a  small  disk  through  which  tlu;  lever  /  passes, 
and  to  which  it  is  soldered.  The  four  s])rings  are  arranged  at 
right  angles  to  each  other,  and  offer  a  slight  elastic  resistance 
to  the  rotation  of  the  lever  /,  and  consequently  of  B  and  A. 
This  resistance  is  made  so  small  that  the  ])eriod  of  oscillation 
of  B  is  very  long.  The  reason  for  using  this  ])eculiar  form  of 
joint  is  to  prevent  a  gradual  disjilacement  of  ]?  by  the  to[)  of 
I  when  the  plate  on  which  /  writes  is  kept  moving  by  clock- 
work. The  static  friction,  even  with  the  precaution  taken  in 
this  machine,  will  probably  be  much  greater  than  the  j)ressure 
of  I',  but  a  slight  motion  might  take  place  during  the  shaking. 
The  ideas  of  calculating  the  positions  of  H  and  IF  and  of 
pivoting  the  ring  R  which  are  used  in  this  paper,  are  taken 
from  Prof.  Ewing's  paper  ''  On  an  Astatic  Horizontal-Lever 
Seismograph,"'  communicated  at  last  meeting  to  this  Society, 
or  rather  from  a  conversation  which  I  had  with  him  previous 
to  the  reading  of  that  paper.  I  have  generally  been  in  the 
habit  of  finding  ap})roximately  the  steady  part  by  experiment  j 
and  in  many  cases  this  is  almost  the  only  satisfactory  method*. 
In  using  this  instrument,  the  two  gates  A  and  B  are  ad- 
justed so  that  their  planes  are  accurately  at  right  angles  to 
each  other,  each  inclined  at  an  angle  of  45°  to  the  front  of  the 
post  P.  The  gates  are  so  made  that  when  in  this  position  the 
lever  I  is  vertical.  At  the  lower  end  of  the  lever  /  a  thin 
sewing-needle,  n,  slides  up  and  down  through  two  small  loops. 
Under  this  needle  the  plate  p,  smoked  to  receive  the  record, 
is  placed.  If  it  is  desired  to  separate  the  different  motions,  2^ 
must  be  moved  bv  clockwork. 

V.    On  a  Conical-Pendulum  Seismograph. 

In  a  paper  on  "  Steady  Points  for  Seismographs,"  commu- 
nicated to  the  Seismological  Society  of  Japan  in  March  1881, 

*  In  the  small  instrument  Avliicli  T  described  before  the  Seismological 
Society,  the  levers  were  so  light  and  small  compared  with  the  ringE  that 
no  determination  of  the  exact  proper  positions  of  the  axes  were  made.  That 
instrument  promises  to  act  very  fairly  as  a  seismograph  ;  but  I  expect  the 
instrument  just  described  to  act  better,  because  of  smaller  friction,  due  to 
great  height,  tiner  and  more  scientifically  arranged  hinges,  and  gi-eater 
length  of  arm. 
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1  suggested  that  a  conical  pendulum  would  probably  be  found 
a  good  arrangement  for  registering  one  component  of  the 
motion  of  the  earth  during  an  earthquake.  Since  that  time 
an  instrument  on  this  principle  has  been  made  ;  and  as  it  has 
been  found  to  be  very  suitable  for  this  purpose,  a  short  de- 
scription of  it  may  be  interesting. 

The  instrument  is  shown  in  plan  and  elevation  in  fig.  4.  In 
that  drawing  P  is  a  post  which  is  intended  to  be  fixed  firmly 
in  the  ground,  and  may  project  above  it  from  a  foot  to  a  foot 
and  a  half.  W,  W  are  weights  fixed  to  the  ends  of  the  cross 
bars  h,  each  pair  forming  the  bob  of  a  conical  pendulum.  The 
suspending  wires,  t,  t,  of  these  pendulums  are  attached  to  cross 
pieces,  c,c,  slotted  and  made  to  slide  under  clamping-screws,  s,s. 
By  sliding  the  cross  pieces  c,  c  backwards  and  forwards  and 
turning  them  round  to  one  side  or  other,  the  point  of  suspen- 
sion can  be  adjusted  until  it  is  vertically  above  the  point  jj  at 
which  the  small  cross  arm  a  rests.  This  cross  arm  a  serves 
the  double  purpose  of  causing  the  bob  of  the  pendulum  to 
move  in  a  circle,  if  it  moves  at  all,  and  of  forming  the  short 
arm  of  the  lever  /,  which  is  used  for  writing  a  component  of 
the  motion  of  the  earth.  When  the  pendulum  is  adjusted  in 
the  way  just  described  the  bob  is  evidently  in  neutral  equili- 
brium in  any  position  ;  and  hence  a«y  error  due  to  oscillatory 
motion  is  avoided.  Since,  however,  it  is  desirable  that  the 
instrument  should  have  a  small  amount  of  stability,  it  may  be 
made  to  have  a  long  period  of  oscillation  round  a  definite 
point  by  adjusting  the  point  of  suspension  a  little  forward,  or 
by  fixing  the  top  of  the  suspending  wire  and  allowing  its  tor- 
sional rigidity  to  control  the  motion  of  the  bob. 

The  only  points  where  friction  acts  in  this  machine  are  2^}p'> 
and  since  the  pressure  on  these  points  is  small,  they  can  be 
made  very  fine  and  almost  frictionless.  In  this  respect  the 
conical-pendulum  machine  has  a  decided  advantage  over  most 
other  machines  of  a  similar  nature,  such  as  hinged-horizontal- 
lever  machines.  The  levers  I,  I  are  arranged  so  that  they 
come  out  at  an  angle  of  45°  to  the  direction  of  the  component 
they  are  intended  to  measure,  and  parallel  to  each  other.  This 
arrangement  is  adopted  for  the  purpose  of  getting  the  record  of 
the  two  rectangular  components  side  by  side.  When  the  record 
is  made  in  this  Avay,  the  direction  of  motion  of  the  earth  can 
be  much  more  easily  determined  than  if  they  were  recorded 
at  different  points  of  the  same  drum  or  revolving  plate.  The 
question  of  change  of  phase-relation  between  the  two  compo- 
nents can  also  be  much  more  easily  investigated  with  this 
arrangement.  Another  advantage  which  this  apparatus  pos- 
sesses, is  the  very  small  mass  required  for  the  moving  parts, 
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and  the  verv  orreat  mass  which  can  bo  put  into  the  wciglits  W 
■without  increasing  the  friction,  the  only  change  required  being 
that  the  wire  /  should  be  lengthened.  The  question  of  mas- 
sivenoss  in  the  portion  whose  inertia  gives  the  wi-iting-power 
is  important,  as  the  nniltiplication  wliich  can  be  used  is  prac- 
tically proportional  to  this  mass.  Very  large  multiplication 
is  not  generally  necessary  for  eart]i([uakes  of  ordinary  magni- 
tude; but  there  is  a  large  class  of  tremors  which  have  a  great 
interest  to  investigators;  and  these  may  be  recorded  by  giving 
a  multiplication  of,  say,  from  twenty  to  fifty,  according  to  the 
degree  of  minuteness  aimed  at.  Of  a  considerable  number  of 
machines  which  I  have  devised  and  tried,  I  think  this  is  deci- 
dedly the  most  sensitive;  and  it  is  probably  the  most  sensitive 
and  at  the  same  time  accurate  recording-instrument  now 
in  use. 

It  is  of  course  to  be  understood  that,  in  connexion  with  this 
seismograph,  some  form  of  clockwork  arrangement  must  be 
used  for  the  purpose  of  supplying  a  moving  surface  on  which 
the  difi'crent  motions  of  the  pointers  are  to  be  recoi-ded. 
When  such  an  arrangement  is  adopted,  the  horizontal  ampli- 
tude and  direction  and  the  period  of  each  individual  motion 
are  recorded,  the  period  of  course  being  reckoned  from  the  rate 
at  which  the  drum  is  moved  by  the  clock.  The  records  are 
most  convenient  for  use  when  taken  on  smoked  glass  or  trans- 
parent smooth  paper,  because  in  that  case,  by  simply  varnish- 
ing the  plate  or  paper  sheet,  the  record  can  be  preserved  and 
used  as  a  negatiAe  for  obtaining  photographs. 

VI.  Hydrometer  Vertical-Motion  Seismograph. 

Some  time  ago  I  made  several  attempts  to  obtain  an  instru- 
ment capable  of  recording  the  vertical  movements  in  an  earth- 
quake shock.  I  propose  in  the  present  paper  to  describe  two 
of  the  most  successful  of  these  attempts. 

My  first  attempt  in  this  direction  was  suggested  to  me 
by  observing  the  motion  of  a  Nicholson's  hydrometer  when 
immersed  in  a  liquid  and  slightly  displaced  from  its  equili- 
brium position.  The  period  of  up-and-down  oscillation  of 
such  an  instrument  can,  by  varying  the  thickness  of  the  stem, 
be  made  almost  any  length  desired.  I  therefore  proposed  to 
use  an  enlarged  hydrometer,  with  the  lower  basket  removed 
and  ballast  placed  in  the  bottom  of  the  hollow  foot.  For  the 
sake  of  ease  of  regulation  I  attach  the  upper  end,  by  means  of 
a  thread,  to  a  pulley  through  the  centre  of  which,  at  right 
angles  to  its  plane,  a  wire  has  been  passed  and  then  soldered. 
This  wire  is  stretched  between  two  springs,  and  can  be  twisted 
round  its  own  axis,  thus  allowing  the  force  of  torsion  to  regu- 
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late  the  position  of  the  float.  An  instrument  of  this  kind  was 
mada  for  water  as  the  floating  medium,  and  gave  results  which 
justify  the  assumption  that,  by  causing  it  to  write  on  a  moving 
plate,  it  is  capable  of  giving  valuable  information  as  to  the 
magnitude  of  the  vertical  movement.  This  instrument  has, 
however,  the  disadvantage  of  being  very  large,  and  conse- 
quently inconvenient;  and  I  propose  therefore  to  use  mercmy 
instead  of  water.  Fig.  f)  indicates  a  form  which  may  be 
adopted  in  such  a  case. 

Referring  to  the  figure,  F  is  a  varnished,  or  otherwise  pro- 
tected, lead  float  placed  in  a  wood  or  iron  vessel,  V,  filled  with 
mercury.  A  fine  wire  is  fixed  to  the  lower  end  of  the  float, 
and,  passing  loosely  through  a  hole  in  the  plate  p,  serves  to 
jorevent  the  float  from  turning  round.  A  weight,  W,  sufficient 
to  completely  submerge  the  float  is  applied  to  the  stem  above 
the  surface  of  the  mercury.  To  the  upper  end  of  the  stem  a 
a  wire  or  thread,  W,  is  attached,  which  is  passed  through  a 
small  hole  in  the  top  of  the  vessel  V,  and  then  over  the  pulley 
/,  to  which  the  index,  i,  is  attached.  With  this  arrangement 
the  period  of  vertical  oscillation  can  be  made  very  long;  and 
consequently  each  individual  motion  of  the  earth  can  be  re- 
corded on  a  moving  surface,  such  as  a  drum  D,  relatively  to  an 
undulating  line  due  to  the  slow  up-and-down  movement  of  the 
float.  By  using  the  pulley  I,  the  sensibility  of  the  instru- 
ment is  made  constant  for  any  position  within  the  range  of  the 
motion. 

VII.  Compensated  Spring  Astatic  Seismograph  for  Vertical 
Motions. 
The  following  is  a  description  of  another  instrument  which 
I  have  contrived  for  registering  vertical  motions,  and  which 
seems  well  adapted  for  that  purpose.  A  description  of  it,  with 
some  account  of  my  experiments  with  various  arrangements 
leading  to  the  form  adopted,  was  given  at  the  meeting  of  the 
Seismological  Society  of  Japan,  on  the  28th  of  April  of  this 
year.  The  instrument  is  shown  in  fig.  6,  which  is  a  section 
through  the  frame,  and  shows  in  elevation  the  acting  parts  of 
the  apparatus.  A  vertical  spring,  S,  is  fixed  at  its  upper  end 
by  means  of  a  nut,  n,  which  rests  on  the  top  of  the  frame  F, 
and  serves  to  raise  or  lower  the  spring  through  a  short  dis- 
tance as  a  last  adjustment  for  the  position  of  the  cross  arm  A. 
The  arm  A  rests  at  one  end  on  two  sharp  points,  p,  one  resting 
in  a  conical  hole  and  the  other  in  a  Y-slot ;  it  is  supported  at 
B  by  the  spring  S,  and  is  weighted  at  C  with  a  lead  ring,  R. 
Over  a  pin  at  the  point  C  a  stirrup  of  thread  is  placed  which 
supports  a  small  trough,  t.     The  trough  t  is  pivoted  at  a,  nas 
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attached  to  it  the  index  i  (^Yhich  is  hinged  by  means  of  a  strip 
of  tough  paper  at  /;,  and  rests  through  a  fine  pin  on  the  glass 
plate  q),  and  is  ])artly  filled  with  mercury. 

The  reasons  lor  this  mode  of  suspension  are  :— First,  the 
arm  A,  by  allowing  the  spring  to  be  held  stretched  by  means 
of  a  lever  and  weight  instead  of  by  a  weight  directly  applied, 
increases  the  ])eriod  of  free  vertical  oscillation  of  the  spring 
and  weight.  For  let  <^  =  angle  turned  through  by  the  arm  A 
from  its'iiormal  ])osition  at  time  t,  e  =  consequent  elongation 
of  the  spring,  E  =  total  normal  elongation  of  the  spring, 
I  =  length  of  long  arm  of  lever  A,  /'=  length  of  short  arm 
of  A,  f/'=  force  of  gravity  in  unit  mass,  T  =  period  of  ver- 
tical vibration,  M  the  mass  of  the  lead  weight  R,— then, 
supposing  (/>  small,  the  lever  A  very  light,  and  the  mass  of  R 
collected  at  its  centre  of  inertia,  and  neglecting  the  influence 
of  the  trough  &c.,  we  have  for  the  equation  of  motion, 

and  therefore  

From  this  we  see  that  the  period  increases  as  the  square  root 

of  J, ;  and  hence  an  advantage  in  length  of  period  is  gained 

by  attaching  the  string  as  shown.  A  disadvantage,  of  course, 
is  that  a  smaller  mass  (in  the  ratio  of  V  to  /)  is  required  to 
produce  a  given  normal  elongation  of  the  spring  than  if  the 
weight  Avere  applied  directly. 

Secondly,  the  mercury  in  the  trough  t  acts  as  a  compensator 
to  prevent  the  ring  R  moving  when  the  top  of  the  spring  is 
moved  through  a  distance  short  compared  with  the  distance 
between  the  pivots  on  the  trough  t.  The  action  of  this  part 
is  as  follows: — When  the  plane  carrying  the  spring  S  is  raised 
and  lowered,  the  point  a  rises  and  falls,  but  in  consequence  of 
the  inertia  and  slow  period  of  R  the  point  C  remains  behind. 
In  consequence  of  this  the  end  of  the  trough  t  falls  and  rises 
relatively  to  a  ;  and  the  mercury,  running  backwards  and  for- 
wards, puts  more  or  less  force  on  the  point  C,  and  hence  tends 
to  keep  this  point  stationary. 

If  the  length  of  the  trough  be  x,  the  distance  between  the 

pivots  y,  and  the  width  w,  then  for  a  rise  of  a  through  a  dis- 

stance  h  we  have  the  centre  of  gravity  of  a  prism  of  liquid  of 

.1* 
depth  /(  moved  from  the  centre  of  the  trough  to  a  point  ^  ft'om 
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the  end.     This  gives  a  displacement  equal  to  ^  .r,  and  therefore 

an  increa.se  of  weight  on  C=^-  Inch,  where  h  is  the  density  of 
mercury  in  this  case.  " 

Xow  the  increased  elongation  of  the  spring,  c  remaining 

stationary,  is  y  h  ;  therefore  the  increased  force  is 

Zi    W 

where  W  is  the  normal  force  on  C.     Hence  we  have 

I,    W      l.i-    . 
I     E       Qij 

for.  an  astatic  arrangement.  In  this  equation  x,  y,  u\  and  S 
may  vary;  but  y  is  generally  determined  with  reference  to  a 
conyenient  multiplication,  and  S  will  generally  be  either  the 
density  of  mercury  or  of  a  liquid  whose  density  is  approxi- 
mately unity.  Hence,  x  or  ic  being  decided  on,  the  other 
is  determinate. 

The  case  in  which  the  arm  A  is  not  used  can  evidently  be 

got  from  the  above  by  putting  7=1-     This  arrangement  with 

a  long  spring  is,  no  doubt,  best  when  the  vertical  displacement 
is  likely  to  be  great.  A  round  tube  has  an  advantage  over 
the  rectangular  form  of  trough  t  for  small  motions,  as  it  can 
be  arranged  so  as  to  render  the  system  astatic  when  t  is  hori- 
zontal, but  to  acquire  stability  when  slightly  displaced.  For 
large  displacements,  however,  the  rectangular  form,  when  of 
suitable  depth,  is  no  doubt  best. 

Instruments  of  the  class  here  described  are  not  to  be  relied 
on  for  static  records,  owing  to  the  ease  with  which  a  large  dis- 
placement can  be  given  to  the  lever.  For  such  purposes  an 
instrument  with  a  somewhat  short  natural  period,  controlled  by 
some  kind  of  frictional  resistance,  acts  best. 

Before  the  above  method  of  compensation  suggested  itself 
to  me,  I  had  attempted  compensating  by  placing  the  axis  B 
below  the  line  joining  p  and  c.  This  method  has  the  disad- 
vantage, that  generally  a  mass,  either  that  of  the  weight  or 
the  spring,  has  to  receive  a  motion  of  translation  in  order  that 
the  point  C  may  remain  at  the  same  height.  There  is  also 
another  disadvantage,  namely  that  after  a  small  displacement 
the  equilibrium  becomes  unstable. 

Several  other  methods  have  suggested  themselves  to  me — 
such  as  allowing  the  ring  K  to  roll  backwards  and  forwards, 
on  a  properly  proportioned  axis,  in  a  curve  at  the  end  of  the 
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lever.  This  -would  produce  compensation  by  lengthening  the 
arm  p  c  when  the  h^-er  inclined  downwards,  and  shortening  it 
when  it  inclined  ui)wards.  Another  method  would  bo  to  attach 
one  end  of  an  independent  string  at  the  point  B  and  the  other 
end  to  a  point  p,  so  that,  if  the  arm  A  was  deflected,  a  couple 
would  be  introduced  tending  to  keep  it  deflected.  This  method 
would  have  the  advantage  of  ready  adjustment^  by  means  of  a 
screw  attached  to  the  end  of  the  compensating-spring.  I  do 
not  consider  any  of  these  methods  so  nearly  perfect  or  so 
simple  as  that  which  I  have  given  prominence  to  in  this  paper; 
but  the  main  object  has  been  to  call  attention  to  the  principle 
of  compensation  for  such  instruments. 


XXVI.    Tlie  Microphonic  Action  of  Selenium  Cells. 
By  Dr.  James  Moser*. 

WHEN  I  began  these  researches  on  the  Transformation 
of  the  Energy  of  Light  into  that  of  Sound  by  the 
Photophone,  I  held  the  opinion  which  is  still  common,  that 
there  are  two  kinds  of  photophones  and  three  forms  of  light- 
rays.  My  experiments  led  me  to  the  conclusion  that  there 
is  only  one  way  in  which  light  acts  photophonically.  The 
effect  of  radiation  on  selenium-cells  is,  in  fact,  the  same  as 
that  exerted  on  the  majority  of  solid,  liquid,  and  gaseous 
bodies  used  as  non-electric  photophonic  receivers.  Though 
rays  may  have  different  wave-lengths,  all  rays  are  the  same 
in  kind.  There  are  not  three  kinds — heating,  luminous,  and 
chemical,  but  one  and  the  same  ray  may  have  heating,  che- 
mical, and  luminous  effects. 

In  February  last,  when  I  began  these  experiments,  I 
believed  that  the  photophone  could  inform  ns  as  to  the  direct 
correlation  between  light  and  electricity.  A  current  cir- 
culating around  a  beam  of  polarized  light  changes  the  plane 
of  its  vibration.  Hence  we  are  led  to  conjecture  that  there 
may  exist  further  relations  between  light  and  electricity,  and 
that,  as  the  electric  current  or  lines  of  magnetic  force  affect 
the  beam,  so,  inversely,  the  beam  may  influence  the  electric 
current  or  the  magnetic  lines  of  force  ;  and  we  may  con- 
jecture that  such  influence  may  manifest  itself  in  the  pho- 
tophone. 

I  therefore  tried  to  change  the  magnetic  condition  of  an 
iron  plate  by  light.  I  hoped,  for  instance,  to  get  an  electric 
current  in  "the   coil  of  the  telephone  at  the   moment  when 

♦  Communicated  bv  the  Physical  Society,  having  been  read  June  25th, 
1881. 
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its  iron  plate  is  exposed  to  radiation.  I  did  not  succeed  in 
observing  such  a  current. 

Prof.  W.  G.  Adams  was  the  first  to  show  that  selenium 
on  illumination  develops  an  electromotive  force.  Still  sup- 
posing that  in  the  photophone  a  direct  correlation  between 
the  energy  of  light  and  that  of  the  electric  current  might 
reveal  itself,  I  endeavoured  to  observe  and  to  measure  the 
electromotive  force  developed  in  selenium  cells  on  their 
exposure  to  light. 

I  made  selenium  cells  according  to  the  method  of  Bell  and 
Tainter  as  modified  by  Bidwell.  Two  thin  copper  wires  were 
wrapped  parallel  side  by  side  several  times  round  a  strip  of 
mica.  Selenium  was  then  melted,  and  crystallized  between 
them.  In  this  way  I  obtained  cells  which  were  very  sen- 
sitive and  yielded,  when  connected  with  the  battery,  a  clear 
sound  in  the  telephone.  According  to  my  last  measurement, 
the  resistance  of  one  of  those  cells  in  the  dark  is  3000  ohms, 
diffuse  daylight  reducing  it  to  2700.  The  measurements  were 
made  Avith  an  astatic-mirror  galvanometer,  the  resistance  of 
the  coils  of  which  was  6860  ohms.  The  scale  was  about  one 
metre  distant  from  the  mirror,  each  division  one  fortieth  of  an 
inch.  There  Avere  other  galvanometers  at  my  disposal,  and  a 
battery  of  twenty  Leclanche  cells.  The  galvanometer  proved 
itself  more  sensitive  than  the  telephone. 

The  above-mentioned  selenium  cell  yielded  by  intermittent 
radiation  of  lime-  or  electric  light  clear  and  distinct  sounds  ; 
illumination  by  the  same  sources  of  light  deflected  the  image 
of  the  slit  strongly. 

But  the  same  light  which,  when  a  current  of  an  external 
battery  flows  through  the  cell,  makes  the  telephone  to  sound 
or  the  spot  of  light  to  slide  along  the  whole  scale,  is  not  able 
to  produce  an  observable  electromotive  force  in  the  selenium 
cell.  This  non-appearance  of  a  current  (the  circuit  being 
formed  only  of  selenium  cell  and  galvanometer,  or  of  selenium 
cell  and  telephone)  is,  in  ni}^  opinion,  very  noteworthy ;  for 
the  problem  which  I  wish  here  to  solve  is  not  to  make  photo- 
phones  without  batteries,  but  to  explain  the  efficiency  of  the 
selenium  cells  by  the  qualities  they  actually  possess. 

It  is  possible  to  prepare  pieces  of  selenium  which  show  an 
electromotive  force  on  being  illuminated.  I  shall  return  to 
this  point  further  on.  But  cells  and  pieces  of  selenium  7iot 
possessing  this  property  nevertheless  show  photophonic  action. 
Therefore  the  photophonic  action  cannot  be  explained  by  this 
property,  which  is,  or  at  least  may  be,  wanting  in  the  selenium 
cells. 

I  proceeded  further,  always  endeavouring  to  find  a  correla- 
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tion  of  the  energies.  The  current  flowing  through  a  selenium 
cell  experiences  a  counter  force — a  polarization.  I  tried  to 
observe,  and,  as  far  as  possible,  to  measure  it.  This  polarization 
is  shown  by  all  my  cells  and  preparations  of  selenium.  I 
found  it,  however,  when  measured  by  the  compensation  method, 
to  be  only  about  the  thousandth  of  a  volt.  In  order  to  ob- 
serve the  polarization  as  near  as  possible  to  its  maximum,  I 
employed  a  rotating  switch,  which  I  constructed  ))y  means 
of  two  alternating  tooth-wheels,  and  which  changed  the  current 
eighty  times  per  second. 

I  next  endeavoured  to  increase  the  electromotive  forces 
originating  in  the  selenium  cell,  as  well  as  those  produced 
eventually  by  light.  I  tried  to  attain  this  by  taking  the  two 
wires  of  different  material  ;  then  I  prepared  selenium  pieces 
where  selenium  was  simply  between  two  straight  parallel 
wires.  At  first  I  made  a  selenium  cell,  just  like  the  one 
described  above,  replacing,  however,  the  one  copper  wire  by 
one  of  platinum,  so  that  the  selenium  was  betAveen  copper  and 
platinum.  But  the  polarization,  which  again  could  be  easily 
observed,  was  here  also  very  small.  On  measuring,  it  was 
found  again  about  one  thousandth  of  a  volt.  Also  this  cell 
did  not  produce,  either  in  the  dark  or  on  illumination,  any 
current  which  could  be  observed  by  the  galvanometer. 

In  order  to  increase  the  polarization,  I  gave  the  polarized 
selenium  cell  greater  capacity.  I  took,  instead  of  the  wires, 
two  larger  plates,  each  6  centim.  long,  3  centim.  wide,  and 
about  1  millim.  thick.  My  intention  was  to  begin  the  expe- 
riments with  three  of  such  pairs,  with 

copper,  selenium,  copper  ; 
zinc,       selenium,  zinc  ; 
zinc,       selenium,  copper. 

\Vith  the  latter  of  these  cells  I  succeeded  (after  having  sent 
thi-ough  it  the  current  of  a  strong  battery)  in  observing 
a  polarization  of  about  (>4  volt.  The  cell  had  now  become  a 
polarization  batteiy,  giving  rise  to  a  current  long  after  it  was 
separated  from  the  primary  battery. 

In  all  these  experiments,  and  especially  in  the  last,  a  super- 
position of  polarizations  could  be  distinctly  observed  ;  so  that 
here  we  have  to  deal,  not  simply  with  thermo-electric  currents, 
but  with  electro-chemical  decomposition. 

An  observation,  however,  Avhich  I  now  made  gave  a  different 
direction  to  these  researches.  But  their  aim  remained  un- 
changed— namely,to  explain  the  efficiency  of  the  selenium  cells, 
to  understand  the  transformation  of  energy  of  light  into  that 
of  sound  in  the  selenium  cell,  regarding  it  from  a  more  general 


Action  of  Selenium  Cells.  215 

point  of  view  and  not  merely  as  an  isolated  phenomenon  in 
selenium,  but,  by  finding  the  general  law,  to  remove  selenium 
from  its  isolated  position.  This,  however,  may  be  done  either 
by  comparing  other  bodies  with  it  (which  is  the  method  of 
previous  investigations  on  the  subject,  and  was  my  own  also 
till  now),  or  this  may  be  effected  by  inserting  selenium  in 
the  series  of  other  bodies.  The  latter  method  I  shall  now 
describe. 

I  intended  to  make  such  cells  of  copper,  selenium,  copper,  or 
of  zinc,  selenium,  copper  plates,  in  the  same  way  as  the  above- 
described  photophonic  cells.  On  a  copper  plate  1  melted 
amorphous  selenium,  and  put  on  it  the  second  metal  plate  of 
zinc  or  copper.  Then  I  heated  gradually,  so  that  the  selenium 
became  crystalline;  and  I  then  annealed  it.  Whilst  the  amor- 
phous selenium  adheres  very  well  to  the  metal  plates,  these 
cells  proved  very  brittle  when  the  selenium  was  crystalline  ; 
the  selenium  always  split  off  from  the  copper  plate.  In  order 
to  find  how  to  avoid  this  splitting-off,  I  examined  the  matter 
more  closely;  thus,  I  left  out  the  second  metal  plate,  and  ex- 
perimented with  copper  and  selenium  only. 

The  preparation  was,  in  accordance  with  that  of  the  photo- 
phonic  cells,  the  following : — One  of  the  copper  plates  to  be 
used  for  the  cells  was  heated  on  a  large  brass  plate  of  about 
3  millim.  thickness  ;  this  was  covered  by  a  thin  sheet  of 
mica,  on  which  the  selenium  which  eventually  flowed  off  was 
collected.  The  copper  plate  having  reached  the  melting- 
point  of  amorphous  selenium,  was  covered  with  this  substance 
and  thereupon  removed  from  the  brass  plate.  On  being  re- 
moved it  cooled  quickly;  and  on  it  now  a  black  brilliant  layer 
of  amorphous  selenium  remained.  The  larger  brass  plate  havin  o- 
also  cooled,  the  copper  plate  covered  with  selenium  was  again 
laid  on  it  and  again  slowly  warmed,  so  that  the  selenium  crys- 
tallized. The  temperature  was  still  further  raised,  near  to  the 
point  at  which  the  crystalline  selenium  begins  to  melt.  The 
selenium  was  then  annealed. 

But,  notwithstanding  this  caution,  it  was  not  possible  to  fix 
the  selenium  on  the  copper  plate.  It  exfoliated  and  split  off. 
Every  lamina  which  exfoliated  was  on  the  upper  side  lio-ht 
grey,  and  on  the  lower  side  blue-black,  not  brilliant  but  dull. 
In  the  same  way  the  copper  plate  had  now  a  similar  dull 
blue-black  covering.  This  blue-black  body  is  cuprous  sele- 
nide,  Cu^Se.  There  were  thus  three  layers — copper,  cuprous 
selenide,  and  selenium;  and  in  the  copper-selenium-zinc  cell 
two  other  layers — selenide  of  zinc  and  zinc;  so  that  all  together 
there  were  five  layers. 

I  took  thinner  copper  plates  ;  but  the  splitting-off  still 
occurred. 
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This  experiment  shotcs  that  between  the  copper  and  the 
selenium,  or  rather  the  cuprous  selenide,  there  is  only  a  slight 
and  imperfect  contact. 

But  the  same  i;-  tho  case  in  the  pliotoplionic  cell.  In 
tliis  also  the  three  layers — copper,  cuprous  selenide,  sele- 
nium— follow  one  after  the  other.  The  plates  give  only  an 
enlarged  view  of  what  is  to  be  observed  in  the  photophonic 
cell  on  a  smaller  scale,  and  with  more  difficulty,  by  the  eye. 
Thus  we  see  that  in  the  photophonic  selenium  cell  also  we 
have  only  a  similar  slight  and  imperfect  contact,  AA'hich  is  to 
be  influenced  by  radiation.  It  was  first  by  this  experiment 
that  it  became  obvious  to  me  that  a  microphonic  eflfect  is  the 
essential  part  of  the  action  of  the  selenium  cells. 

I  was  confirmed  in  this  conclusion,  that  the  selenium  photo- 
phone  is  a  microphone,  when  I  learned  that  Mr.  Sumner  Tainter 
had  constructed  a  photophone  in  which  selenium  was  replaced 
by  carbon.  Indeed  his  apparatus,  the  zigzag  line  filled  with 
carbon  on  the  silver-coated  glass  plate,  is  nothing  else  than  a 
microphone.  If  we  remember  the  apparatus  described  by  Mr. 
Huorhes  as  a  thermoscope,  we  understand  that  the  selenium 
photophone  of  Messrs.  Graham  Bell  and  Sumner  Tainter 
a  (Trees  in  its  principle  with  the  carbon  photophone  of  the 
latter;  and,  again,  this  is  in  its  main  features  the  same  as  the 
thermoscope. 

Thus  my  attention  became  now  more  directed  to  those 
passages  in  the  literature  where  the  degree  of  the  resistance 
at  the  surfaces  of  contact  between  the  selenium  and  the  metal, 
in  comparison  with  the  total  resistance,  is  discussed. 

In  1875,  before  the  invention  of  the  microphone.  Dr. 
Werner  Siemens  observed  a  high  resistance  at  the  surfaces 
of  contact.  He  arrived  at  the  conclusion  "  that  an  essential 
part  of  the  resistance  of  the  selenium  is  in  its  limiting  layers 
at  the  surfaces  of  contact "  *. 

Mr.  Sabine  is  of  the  same  view.  Finding,  e.  g.,  in  one 
piece  of  selenium  with  several  transversal  platinum  wires  the 
resistances  of  the  junctions  to  be  429,  479,  498,  and  428 
megohms,  the  resistance  of  the  selenium  itself  between  the 
wires,  however,  nmch  smaller  (22,  13,  and  0  megohms),  he 
remarks: — "  It  is  clear  from  these  measurements  that  a  large 
portion  of  the  observed  resistance  of  a  so-called  selenium 
resistance  may,  and  frequently  does,  reside  in  the  junctions, 
and  not  in  the  selenium.  Therefore  the  larger  Ave  make  the 
surface  of  contact  between  the  platinum  and  the  selenium, 
the  less  likely  are  we  to  find  an  otherwise  sensitive  piece  of 
selenium  rendered  comparatively  insensitive  by  the  introduc- 
•  Pogg.  Ann.  dix.  p.  140, 
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tion  of  high  junction  resistance.  In  this  respect  the  form  of 
selenium  plate  designed  by  Dr.  \yerner  Siemens,  in  which 
the  platinum  wires  form  gratings  or  interlying  spirals,  is  un- 
questionably the  best  form  to  employ  when  the  object  in 
view  is  to  obtain  a  high  sensitiveness  to  light "  *. 

Both  authors  assume  the  selenium  to  possess  a  special 
sensitiveness,  and  this  quality  to  be  damaged  by  the  high 
resistance  of  the  junctions.  Therefore  they  aim  at  annihi- 
lating this  resistance  at  the  surfaces  of  contact.  Aiming 
at  this  annihilation,  they  enlarge  the  surfaces  of  contact  and 
thus  diminish  the  resistance. 

The  surfaces  of  contact  should  indeed  be  enlarged.  The 
reasons,  however,  for  which  this  must  be  done  are,  in  my 
opinion,  just  the  opposite  to  those  influencing  these  two 
observers.  It  is  the  high  resistance  at  the  junctions  which 
is  the  variable,  and  which  is  necessary  for  the  microphonic 
action.  The  case  of  this  resistance  alone  being  the  variable 
I  shall  discuss  immediatelj'.  That  the  resistance  at  the 
junctions  is  high  is  a  necessary  consequence  of  the  imperfect 
and  variable  contact.  To  annihilate  it  is  to  render  the  photo- 
phone  insensitive.  And,  vice  versa,  the  more  extensive  the 
surfaces  of  contact  are,  the  more  sensitive  is  the  selenium  cell. 

A  further  strong  support,  amongst  others,  is  given  to  this 
theory  by  the  observation  of  Mr.  Bidwell  f,  who  has  made 
very  numerous  experiments  with  selenium  cells.  "  He  got  the 
best  speech  from  cells  of  high  total  resistance  .  .  .  The  sele- 
nium should,  however,  have  a  low  specific  resistance.'' 

These  observations  are  easily  understood  by  the  micro- 
phonic action  of  the  cells  ;  for,  that  the  total  resistance  is 
to  be  great  and  yei  the  specific  resistance  of  the  selenium  is  to 
be  small,  has  no  other  meaning  than  that  there  must  be  a  bad 
contact  between  good  conductors. 

The  next  question  is,  if  this  microphonic  action  is  confined 
only  to  the  surfaces  of  contact.  I  must  here  recall  that 
'  Messrs.  Draper  and  Moss  %,  distinguishing  three  crystalline 
modifications  of  selenium,  observe  as  to  their  conductivity, 
"  Between  these  two  forms  of  granular  selenium — the  appa- 
rently nonconducting  and  the  comparatively  highly  conduct- 
ing— there  is  another,  of  intermediate  resistance.  This  modi- 
fication is  highly  sensitive  to  light." 

Just  so,  according  to  Eammelsberg§,  selenium  exists  in 
four  allotropic  modifications,  three  of  which  are  crystalline. 

*  1878,  Phil.  Mag.  (5)  v.  p.  404. 

t  London  Phvs.  Soc.  Jan.  22,  1881;  Tel.  Jouru.  ix.  p.  52. 

X  1873,  Proc' Irish  Ac.  (2)  i.  p.  533,  Nov.  10. 

§  1874,  Pogg.  Ann.  clii.  p.  151. 
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For  evidence  of  the  microphonic  action  I  was  at  first 
contented  to  observe  that  selenium  in  this  crystalline  state, 
in  which  it  is  most  brittle  and  the  most  powdery,  is  also 
most  sensitive  to  light.  Afterwards  I  succeeded  in  obtain- 
ing a  piece  which  shows  this  very  clearly.  Between  two 
platinum  wires  of  3  centim.  length  was  a  selenium  plate  8 
millim.  in  width  and  hardly  1  millim.  in  thickness.  Heated 
in  air  and  annealed,  the  whole  surface  had  taken  the  light 
grey  colour  of  a  crystalline  state;  half  the  upper  surface,  on 
the  side  of  the  one  platinum  wire,  was  smooth  and  continuous; 
the  other  half,  near  the  other  platinum  wire,  was  powdery  and 
granular.  Alternately  one  of  the  two  halves  was  kept  con- 
stantly dark,  and  the  other  half  at  the  same  time  intermittingly 
illuminated.  Thus  I  could  observe  that  almost  the  total 
sensitiveness  of  the  whole  ]-)late  resided  in  the  granular  coarse 
half  of  the  surface.  This  shows  thatinicrophonic  effects  occur 
also  in  the  selenium  itself.  But  even  if  the  selenium  were  per- 
fectly homogeneous,  and  remained  so  during  the  illumination, 
the  rays  would  produce  heat  and  change  of  volume,  which 
would  have  a  microphonic  influence  on  the  contact. 

By  such  microphonic  changes  the  efficiency  of  the  sele- 
nium cell  would  be  explained,  and  thereby  the  selenium  would 
be  removed  from  its  isolated  position  and  coordinated  with  all 
the  other  bodies  in  which  change  of  volume  and  of  form 
under  the  influence  of  radiation  have  been  observed. 

I,  however,  do  not  deny  that  light  may  have  other  effects 
on  the  selenium.  That  such  is  the  case  is  indeed  one  of  the 
causes  which  have  hitherto  masked  the  microphonic  action  of 
the  cells.  That  my  present  view  of  the  simple  action  of  the 
selenium  did  not  present  itself  at  once  is  owing  to  two  causes. 

In  the  first  place,  there  is  the  fact  that  the  microphonic 
variations  or  changes  in  volume  and  in  form,  attributed  com- 
monly  to  the  so-called  heat-rays,  are  produced  in  the  selenium 
bv  the  illuminatinfT  rays. 

in  the  second  place,  complication  is  introduced  by  the  fact 
thiit  selenium  exists  in  four  allotropic  modifications,  and  that 
light  is  able  to  exert  on  these  divers  influetices.  Though 
these  are  not  essential  to  the  action  of  the  photophone,  it  has 
nevertheless  been  assumed  by  others,  and  at  first  by  myself, 
that  such  changes  might  be  the  key  for  the  explanation  of 
the  selenium  photophone. 

Of  these  two  impediments  which  stood  in  the  way  of  the 
perception  of  the  microphonic  action  of  the  cells,  I  intend  to 
speak  more  in  detail.  And  first  a  few  words  on  Avhat,  for  the 
sake  of  brevity,  may  be  called  the  heating  effect  of  the  light- 
rays. 
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In  the  beginning  of  April*  I  repeated  the  experiment  of 
Mr.  Grraham  Bell,  and  allowed  light  to  pass  through  ebonite. 
In  order  to  be  able  to  make  a  quantitative  observation  I  con- 
nected the  selenium  cell,  on  which  the  hght  was  to  fall,  not 
only  with  the  telephone,  but  also  with  a  galvanometer. 
While,  however,  it  appeared  that  a  photophonic  effect  took 
place  through  the  ebonite,  it  was  shown  that  this  effect  was 
only  a  small  part  of  the  direct  effect  when  the  ebonite  dia- 
phragm was  away.  Now,  as  ebonite  allows  passage  only 
to  red  and  ultra-red  rays,  we  learn  from  this  experiment  two 
things : — 

(1)  That  the  illuminating  rays  are  those  which  are  especi- 
ally absorbed  by  selenium,  and  that  these  produce  the  greater 
part  of  the  photophonic  action. 

(2)  That  it  is  even  possible  to  make  a  seleniiun  photophone 
loithout  light — that  is,  with  exclusion  of  illuminating  rays  and 
by  the  influence  of  heat-rays  only. 

That  there  is  simply  a  heating  effect  of  the  illuminating 
rays  in  the  selenium  photophone  has  perhaps  not  yet  been 
sufficiently  insisted  on,  because  the  most  modern  researches 
on  light-rays  are  not  yet  assimilated  to  the  general  view  of 
physics.  We  find  still  the  conception  of  three  different  kinds 
of  rays — heating,  illuminating,  and  actinic;  whilst  it  has  long- 
been  demonstrated  that  there  is  only  one  form  of  rays,  differing 
from  one  another,  however,  in  wave-length  and  intensity. 
On  the  body  on  which  the  ray  falls  depends  whether  its 
energy  is  perceived  as  heat,  or  light,  or  chemical  effect.  In 
order  to  be  effective  a  ray  must  be  absorbed.  The  bodies, 
however,  on  which  the  rays  fall  select  the  rays  they  absorb  in 
the  most  various  manner,  which  we  recognize  by  the  endless 
varieties  of  absorption-spectra.  The  absorbed  rays  alone  are 
able  to  exert  an  effect ;  they  only  can  warm  the  body.  And 
heating  occurs  not  only  by  red  and  ultra-red  rays,  but  by  the 
rays  Avhich  are  absorbed.  Only  the  absorbed  rays  can  pro- 
duce (and  that  is  the  point  in  question  here)  changes  of 
volume  and  of  shape,  and  in  this  way  influence  the  contact 
of  current-conducting  parts. 

As  the  last-mentioned  experiment  demonstrates,  selenium 
absorbs  principally  the  illuminating  rays.  When,  therefore, 
selenium  is  exposed  to  radiation,  the  change  of  volume  and  of 
shape  is  produced  chiefly  by  the  illuminating  rays  ;  selenium 
is  heated  hy  light.  It  must  be  the  illuminating  rays  which 
make  the  selenium  cell  act  microphonically. 

That    light,    however,    may    produce    in    selenium    other 
changes   than  heat  and   deformation,  which  are  essential  to 
*  Lond.  Phys.  Soc.  April  9,  1881 ;  '  Nature,'  xxiii.  p.  595. 
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the  efficiency  of  the  selenium  cell,  has  been  the  second  cause 
which  masked  the  microphonic  action  of  the  cell.  These  are 
changes  in  the  material ;  they  concern  rather  the  chemistry  of 
selenium.  They  are  indeed  purely  chemical  if  we  view  the  exist- 
ence of  selenium  in  four  allotropic  modifications  as  a  chemical 
quality.  Into  these  chemical  changes  I  shall  enter  here  only  so 
far  as  it  is  necessary  for  the  proof  that  they  are  not  essential 
to  the  microphonic  action  of  the  selenium  cells,  since  my  aim 
now  is  the  physical  one  of  correlating  two  forces. 

When,  now,  we  no  longer  consider  the  selenium  cells  espe- 
cially, but  selenium  in  general,  we  find  that  light  can  [iroduce 
in  it,  if  the  selenium  is  an  element  and  })ure*,  no  other  che- 
mical changes  than  those  which  induce  the  transformation  of 
one  of  the  allotropic  modifications  into  another  one.  But 
such  a  transformation  is  connected  Avith  development  of 
energy;  for  in  1851  M.  Hittorff  observed  a  rise  of  tempe- 
rature of  90  degrees  when  the  vitreous  modification  changed 
into  the  crystalline;  and  liegnauh  \  (185G)  in  a  similar  case, 
observed  an  elevation  of  temperature  of  130  degrees.  With 
a  proper  arrangement  (that  is,  in  a  closed  circuit)  we  shall  get, 
instead  of  the  development  of  heat,  an  electric  current — just 
as,  for  instance,  two  solutions  of  the  same  salt,  but  of  dif- 
ferent concentration,  on  being  mixed  together,  give  a  deve- 
lopment of  heat,  but,  when  brought  into  a  circuit  in  a  proper 
manner,  produce  electricity  equivalent  to  this  heat. 

I  have  already  mentioned  above  that  Prof.  W.  G.  Adams  thus 
observed  electromotive  forces  on  illuminating  selenium  con- 
nected only  with  a  galvanometer,  but  that  generally  the  pho- 
tophonic  cells  do  not  give  such  a  development  of  electricity, 
and  that  therefore  this  ])roperty  of  selenium  cannot  be  used 
for  the  ex])lanation  of  the  efticiency  of  the  photophonic  cells. 
(Here  I  will  add  that  of  course  thermoelectric  currents  can  be 
produced  by  differential  heating  of  the  two  junctions.  In 
order  to  get  such  a  great  diflference  of  heating,  the  cell  must 
be  exposed  to  greater  heat.  Thus  I  brought  near  the  focus  of 
the  sun's  rays  only  one  small  part  of  the  cell,  and  found  a 
small  deflection  of  10  divisions,  or  about  half  a  centimetre.) 

*  On  iiieltiug  selenium,  a  grey  film  was  formed  on  the  surface.  This 
beinp  icmoved  bv  a  platinnm  spatula,  the  amorphous  selenium  showed  a 
brilliant  surface  ;  and  only  such  selenium  was  employed,  in  order  to  get 
congruent  results. 

Hi'hnuim  cn/stals  of  3  millim.  length  were  obtained  by  sublimation 
on  the  cover  of  the  crucible.  At  first  amoi^phous  selenium  condensed  ; 
afterwards  these  sublimated  crystals,  which  were  insoluble  in  water,  Were 
formed. 

t  I'ogg.  A/tn.  Ixxxiv.  p.  210. 

\  An7i,  Chim.  ct  rhys.  (8)  xlvi.  p.  284. 
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That  by  radiation  the  allotropic  modification  of  selenium 
may  be  changed,  but  that  such  changes  do  not  occur  in  the 
selenium  cells,  was  proved  most  conclusively  by  one  piece  of 
selenium,  which  had  the  anomalous  property  of  showing  in- 
creased resistance  on  being  illuminated. 

Till  now  I  had  prepared  all  selenium  cells  and  all  pieces  of 
selenium  as  I  have  described  above,  in  the  open  air  or  in  an 
air-bath.  I  never  succeeded  in  obtaining  selenium  pieces  of 
such  low  resistance  as  Messrs.  Adams  and  Day  got  in  three 
of  their  pieces,  the  resistances  of  which  were  55,  58,  6S  ohms. 
These  three  pieces  differ,  it  is  true,  strongly  from  most  of 
the  other  pieces  in  their  resistances,  which  were  as  high  as 
7,600,000  ohms.  I  therefore  followed  their  method  almost 
literally.  I  laid  several  pieces  of  amorphous  selenium,  fur- 
nished with  platinum  electrodes  and  wrapped  in  paper,  for 
twenty-four  hours  in  sand  which  had  been  warmed  before 
by  a  red-hot  iron  ball, — a  process  in  which  the  influence  of 
the  aqueous  vapour  evolved  from  the  paper  is  not  excluded. 
In  this  way  I  got,  indeed,  pieces  of  the  comparatively  low  re- 
sistance of  700  and  2000  ohms;  whilst  that  of  the  other  pieces 
prepared  at  the  same  time  amounted  still  to  350,000  ohms. 

The  selenium  piece  of  lowest  resistance  (700  ohms)  showed 
at  first  so  valuable  a  resistance,  that  this  could  scarcely  be 
measured.  Then,  when  it  became  more  constant,  a  determi- 
nation of  700  ohms  was  possible.  But  on  exposure  to  light, 
the  resistance  increased.  This  behaviour  is  just  the  opposite 
of  what  all  my  other  cells  or  pieces  of  selenium  show.  And 
it  is  equally  in  contradiction  to  the  diminishing  of  resist- 
ance found  in  all  other  cases  by  all  other  observers ;  only 
Messrs.  Adams  and  Day  mention  at  the  end  of  their  nume- 
rous observations,  that  one  single  piece  out  of  the  great  series 
behaved  like  this  of  mine,  increasing  its  resistance  on  being 
illuminated.  This  piece  of  mine  in  Avhich  I  observed  this  ano- 
malous quality,  exhibited  in  general  the  tendency  to  rise 
steadily  in  resistance;  so  that  there  occurred,  on  illuminating- 
it,  a  continuous  increase  of  resistance,  and,  on  darkening,  a 
feeble  but  never  a  complete  return  to  the  original  value. 
Every  exposure  to  light  again  renewed  this  increase;  and 
even  a  slight  shaking  of  the  table  changed  the  resistance. 
This  tendency  to  increase  the  resistance  was  manifested  so 
strongly,  that  on  the  following  day  I  found  the  resistance  had 
risen  from  700  to  5600  ohms. 

But  this  piece  of  selenium  showed  still  another  anomaly,  con- 
tributing, however,  to  the  explanation  of  the  first.  I  intended 
to  examine  the  polarization  produced  in  the  selenium  by  the 
primary  battery-current  when  separated  from  the  battery  and 

Fhii.  Mag.  S.  5.  Vol.  12.  No.  74.  -SV^^^  1881.  R 
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connected  with  the  pjalvanonioter  by  moans  of  a  switch.  And 
now  I  found  a  secondary  current  which  went  through  the  galva- 
nometer always  in  the  same  direction,  quite  independent  of  the 
direction  of  the  primary  battery-current.  Even  when  the  pri- 
mary current  was  produced  by  a  single  Leclanch(5  cell  only, 
the  deflection  by  the  secondary  current  was  80  divisions,  or 
about  5  centim.  This  secondary  current  is  therefore  no  po- 
larization-current; for  in  that  case  its  direction  would  bo 
always  opposite  to  the  primary.  But  here  a  change  of  direc- 
tion did  not  occur,  the  secondary  current  always  flowing  from 
the  platinum  electrode  A  to  the  platinum  electrode  13,  and 
never  in  the  opposite  direction. 

The  passage  of  a  current  also,  like  illumination  or  concus- 
sion, occasioned  a  quicker  increase  of  resistance. 

All  these  qualities,  however,  are  very  easily  understood; 
and  the  very  appearance  of  the  piece  suggests  the  explana- 
tion. There  are  in  it  several  modifications  of  the  selenium 
side  by  side.  At  the  transformation  of  the  one  modification 
into  another,  as  I  have  pointed  out  above,  heat  or  electric 
effect  must  take  place.  A  state  of  equilibrium  is  not  reached 
before  that  modification  has  been  formed  ihe  formation  of 
"which  is  attended  by  the  maximum  development  of  energy — 
thermal  or  electric.  Such  modification  again,  as  also  men- 
tioned above,  has  a  different  resistance  from  the  one  from 
which  it  originated;  and  therefore  the  variation  of  resistance 
is  a  necessary  consequence  of  the  change  of  modification. 
While  the  transformation  goes  on,  we  observe  the  electric  cur- 
rent; after  the  transformation  is  complete  we  observe  the 
change  of  resistance. 

Such  changes  in  the  modification  can  be  also  occasioned  by 
light :  a  pencil  of  amorphous  selenium  assumes,  when  exposed 
to  the  daylight,  a  grey  crystalline  surface. 

Two  conditions  distinguish  these  changes  from  the  photo- 
phonic  ones,  and  prove  that,  as  a  rule,  they  do  not  occur  in 
the  photophonic  cells. 

On  darkening  the  cell  in  which  only  a  microphonic  action 
took  place,  the  original  state  was  reached  again  which  it  had 
before  being  illuminated  ;  in  the  piece  of  selenium  Avherein 
a  change  of  modification  occurred,  this  was  not  the  case.  This 
is  the  reason  why  the  light-spot  returns  to  its  original  posi- 
tion on  the  galvanometer-scale  in  the  case  of  the  selenium 
cell,  but  does  not  in  the  case  of  the  selenium  piece.  And, 
secondly,  by  such  changes  of  modification  a  phenomenon  is 
produced  which  has  been  called  "  fatigue."  Such  fatigue 
(that  is,  an  insensitiveness)  must  take  place  as  soon  as  the  store 
of  the  one  modification  which  is  transforming  itself  into  the 
other  is  exhausted.     But  it  cannot  take  place  if  we  have  to 
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deal  -with  a  microphonic  action  alone.  And,  indeed,  in  the 
selenium  cells  I  never  could  observe  this  fatigue.  The  sensi- 
tiveness of  the  last-described  piece  is  now  extremely  lowered. 

And  thus  we  see  that  there  are  two  diiFerent  effects  which 
light  may  have  on  selenium  and  on  selenium  cells.  The  one 
is  more  of  a  chemical,  the  other  more  of  a  physical  character. 
The  one  is  a  changing  of  modification,  and  is  not  essential  to 
the  efficiency  of  the  selenium  photophone.  In  this  latter  we 
have  to  deal  essentially  with  a  heating  effect,  changing  volume 
and  contact — in  brief,  with  a  microphonic  action. 

Therefore,  as  to  the  photophonic  efficiency  of  selenium, 
I  see  no  reason  to  separate  it  from  all  other  bodies ;  and  I  no 
longer  believe  that  there  is  any  prospect  of  finding  an  un- 
known power  or  a  new  relation  of  forces  in  this  substance. 

The  above  experiments  were  performed  in  Prof.  Guthrie's 
Physical  Laboratory  at  the  Science  Schools,  South  Kensington. 
The  permission  granted  me,  at  his  request,  by  the  Department 
of  Science  and  Art  to  carry  out  my  ideas  experimentally  is  only 
one  of  the  many  acts  of  kindness  and  courtesy  which  I  have 
received  from  scientific  men  and  Societies  during  my  sojourn 
in  England. 

Physical  Laboratory,  South  Kensington, 
June '1881. 


XXYII.  Remarks  on  Prof.  Hughes's  Papers  on  Molecular 
Magnetism.     By  Prof.  G.  Wiedemann*. 

IN  the  '  Proceedings  of  the  Royal  Society  of  London,' 
vol.  xxxi.  p.  532,  vol.  xxxii.  pp.  25,  213  (1881),  Prof. 
Hughes  has  published  a  series  of  papers  on  the  relations  be- 
tween magnetism  and  torsion,  upon  which  I  beg  leave  to  make 
the  following  remarks: — 

In  his  first  paper.  Prof.  Hughes  has  quoted  from  my  work 
on  Galvanism  and  Electromagnetism  (1st  ed.  vol.  ii.  p.  438, 
instead  of  p.  447  as  cited)  an  experiment  of  mine,  by  which  I 
had  sho^^^l  that  an  iron  wire  through  which  a  current  flows  is 
magnetized  by  torsion.  He  says  that  Sir  William  Thomson 
had  attributed  this  magnetization  to  a  spiral  arrangement  of 
the  current  in  the  twisted  wire. 

Now,  in  the  passage  above  referred  to,  I  state  distinctly 
that,  if  an  iron  wire  is  twisted  during  or  after  the  passage  of 
a  current,  it  becomes  magnetic.  In  the  latter  case  there  is  no 
longer  any  current  in  the  wire.  I  have  observed  this  magne- 
tization directly  by  the  deflection  of  a  magnetic  mirror,  and 
determined  its  direction.  In  accordance  with  many  other 
observations  I  have  fully  treated  the  rotations  of  the  magnetic 
*  Communicated  by  the  Author. 
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molociilos  ii])on  wliich  tliis  man;notisni  dopcnds,  and  illustrated 
it  by  a  woodcut*.  Still  more  fully  are  these  ])henomena  and 
others  related  to  them  treated  in  the  volumes  of  Poggendorff 's 
Annalcn  from  1858  to  1862,  quoted  in  my  workf. 

In  the  year  1866  (Pogg.  Ann.  cxxix.  p.  616)  I  showed  that 
when  a  current  is  directed  through  an  iron  wire  extended  in 
the  axis  of  an  induction-coil  and  the  wire  is  twisted  or  un- 
twisted, induced  currents  are  produced  in  the  coil;  further, 
that  similar  induction  currents  are  ])roduced  by  twisting  or 
untwisting  the  wire  after  having  interrupted  the  current  pass- 
ing through  it ;  also  that  analogous  induction  currents  pass 
through  the  wire  itself  when,  after  the  passage  of  the  current, 
its  ends  are  joined  to  a  galvanometer  and  it  is  twisted  or  un- 
twisted. 

These  results  in  each  case  follow  directly  from  my  former 
direct  observations  on  the  magnetization  of  an  iron  wire  by 
twisting  or  untwisting  during  or  after  the  passage  of  a  current. 

It  is  not  difficult  to  var}^  the  experiments,  as,  in  fact,  Prof. 
Hughes  has  done.  My  purpose  being  to  establish  the  prin- 
ciples of  these  phenomena,  I  considered  it  best  to  study  them 
under  the  simplest  possible  conditions. 

It  gives  mo  great  pleasure  to  find  that  the  experiments  of 
so  distinguished  a  philosopher  as  Prof.  Hughes,  which  either 
agree  completely  Avith  my  own  or  have  been  made  with  some 
variations  of  method,  confirm  the  results  which  I  obtained 
about  twenty  years  ago,  and  that,  in  describing  molecular 
magnetism  as  a  singular  form  of  magnetism,  he  has  indepen- 
dently come  to  the  same  conclusions  as  those  published  by  me 
in  the  years  1858-1862,  when  enunciating  the  theory  of  the 
relations  between  magnetism  and  mechanical  changes  of  mag- 
netic bodies. 

Leipzig,  August  0,  1881. 

XXVIII.  On  Mr.  E.  Shida's  Note  pxiUhhed  in  the  Philoso- 
phical Magazine  for  August  1881. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 
Gentlemen, 

THE  contents  of  Mr.  Shida's  last  note,  and  the  addendum 
thereto  by  Sir  "William  Thomson,  render  it  imperative 
upon  me  unwillingly  to  trouble  you  again  upon  this  subject — 
I  trust,  for  the  last  time.  In  Mr.  Shida's  original  papers 
(Brit.  Assoc.  Reports,  1880,  and  Phil.  Mag.  Dec.  1880)  he 
stated  that,  in  the  course  of  his  electrostatic  valuations  of  v, 

*  Galvanismus,  1st  od.,  ii.  p.  ^'jS  ;  2nded.,  iii.  (1)  p.  573. 

t  Pogg.  Attn.  ciii.  p.  503  (1858);  cvi.  p.  IGl  (1859);  cxvii.  p.  203 
(1862)  ;  and  Moiiat<bn:  d.  Birliii.  Acad.  18(50,  29  Nov. ;  also  in  tlie  Attnales 
de  Cftiiiiic  ci  de  Phtjsiquc,  the  Afchives  de  Genh'c,  Silliman's  Journal,  &c. 
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"the  E.M.F.  of  Thomson's  gravity  Daniell  was  measured  by 
comparing  it  before  and  after  the  above  experiment  [the  elec- 
tromagnetic valuation]  directly  with  that  of  the  above  battery 
by  means  of  Sir  William  Thomson's  quadrant-electrometer:" 
the  which  wording  conveyed  to  me  the  impression  that  both 
cell  and  battery  were  compared  under  the  same  conditions, 
viz.  with  insulated  poles,  no  current  flowing.  Incidentally 
referring  to  Mr.  Shida's  paper  (Phil.  Mag.  May  1880),  I 
noticed  that  such  a  mode  of  working  would  introduce  an  error 
due  to  polarization,  the  E.M.F.  of  the  cell  being  less  when 
generating  a  current  than  when  its  poles  are  insulated.  Mr. 
Shida  rejoined  (Phil.  Mag.  June  1881)  that  the  quadrant- 
electrometer  comparison  was  made  whilst  the  cell  was  gene- 
rating a  current,  so  that  the  polarization-error  was  avoided. 
I  then  pointed  out  (Phil.  Mag.  July  1881)  that,  if  Mr.  Shida 
made  the  quadrant-electrometer  comparison  whilst  the  cell  was 
generating  a  current,  the  electrometer-reading  would  be  less  than 
the  true  E.M.F.  in  the  ratio  of  the  external  resistance  to  the 
total  resistance  in  circuit,  the  diflference  being  in  Mr.  Shida's 
experiments  about  2  per  cent.  Mr.  Shida  now  replies,  in 
effect,  that  this  2-per-cent.  error  was  obviated  in  his  experi- 
ments by  multiplying  the  electrometer-reading  reduced  to 

C.G.S.  units,  V— y,  by  the  factor (where  b  is  the 

internal  resistance  of  the  cell,  and  p  the  resistance  of  the  rest 
of  the  circuit*).  That  this  correction  was  adopted  may  also 
be  gathered  from  Sir  "W.  Thomson's  denial  of  the  existence,  in 
Mr.  Shida's  experiments,  of  any  such  error  as  the  omission  of 
this  factor  would  entail.  I  confess,  however,  that  I  am  at  a 
loss  to  understand  how  pointing  out  that  the  omission  of  the 
factor  would  introduce  an  error  can  be  construed  into  a  "  mis- 
understanding of  Ohm^s  Law." 

After  Sir  W.  Thomson's  explicit  statement  that  Mr.  Shida's 
experiments  were  free  from  the  source  of  error  pointed  out,  I 
have  to  express  my  regret  at  having,  as  it  appears,  too  hastily 
concluded  that  Mr.  Shida  did  not  apply  a  particular  correction 
when,  in  point  of  fact,  he  only  omitted  to  mention  that  he 
applied  it.  At  the  same  time  it  is  only  due  to  myself  to  point 
out  that  the  numerical  values  quoted  by  Mr.  Shida  as  his 
results  are  not  of  such  a  nature  as  to  lead  the  reader  to  put 
implicit  confidence  in  the  rest  of  the  work,  and  that  a  priori 
they  seem  to  suggest  that  when  corrections  and  precautions 
were  not  mentioned  they  were  probably  omitted. 

In   order  to   calculate   the    electromagnetic   value    of  the 

*  Mr.  Shida  uses  r  instead  of  p.  I  have  altered  the  symbol  to  avoid 
confusion  with  the  other  r  used  by  Mr.  Shida  in  his  original  paper,  referred 
to  later  on. 
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E.M.F.  of  tbo  cell,  Mr.  Sliida  used  the  following  formula, 

E  =  R.II.tan«.K, 

where  R  =  />4-p,  H  is  the  horizontal  component  of  terrestrial 
magnetism,  a.  is  the  angle  of  deflection  of  the  tangent-galva- 
nometer, and  K  is  a  constant  calculable  from  the  dimensions 
of  the  instrument  &c.  With  the  object  of  obtaining  several 
values  of  R  .  tan  a  and  averaging  them,  Mr.  Shida  caused  R 
to  vary  within  certain  limits :  unless  considerably  different 
currents  were  made  to  flow,  no  sensible  alteration  in  the 
E.M.F.  through  polarization  would  occur;  so  that  the  product 
R .  tan  a  should  bo  sensibly  constant,  barring  unavoidable 
errors  of  observation.  Mr.  Shida  states,  in  each  of  his  original 
papers,  that  R=^  +  64-r,  where  g  is  the  resistance  of  the  gal- 
vanometer (measured  as  30'86  ohms),  h  is  the  internal  resist- 
ance of  the  cell  (found  to  be  2*02  ohms),  and  r  is  a  variable 
resistance  introduced  to  vary  the  current  and  to  bring  the 
deflection  to  near  45°.  Mr.  Shida  then  gives  in  each  paper 
the  following  table  of  numbers  obtained— 

et.  r.  R. 

45  15  80  ohms  107-88 

42  45  100     „  112-88 

51  39  50     „  82-88 

and  thence  concludes  that  the  mean  value  of  R  tan  a  = 
104-73  X  lO''. 

Now  the  above  numerical  values  are  irreconcilable.  Whether 
Mr.  Shida  has  copied  down  the  Avrong  figures  from  his  note- 
book, or  how  he  came  to  print  these  numbers,  I  cannot  say ; 
but  the  fact  remains  that  they  cannot  possibly  be  all  right. 
That  the  accidental  omission  to  correct  errors  of  the  press  is 
the  cause  of  the  discrepancies  seems  improbable,  not  only  from 
the  nature  of  the  errors  themselves,  but  also  from  the  fact  that 
the  second  (Phil.  Mag.)  paper  is  not  an  exact  replica  of  the 
first  (B.  A.)  paper,  various  sentences  having  been  altered,  so 
that  an  additional  revise  must  have  been  made. 

First,  if  ?'=80,  since  Ji=g-{-  0  +  r,  and  since  the  galvano- 
meter and  cell  were  necessarily  used  in  all  the  determinations, 
it  follows  that  if  ^  =  30-86  and  b=2'02  as  stated,  R  must 
=  112-88  instead  of  107-88.  Secondly,  if  r=  100,  it  similarly 
results  that  R=  132-88,  not  112-88.  If  it  be  supposed  that  in 
these  two  cases  the  values  of  R  are  correctly  quoted  and  those 
of  r  wrongly  given,  then  r  must  have  been  75  ohms  in  the 
first  case  and  80  in  the  second,  instead  of  80  and  100  respec- 
tively. Thirdly,  whether  it  be  assumed  that  the  values  of  R 
or  those  of  r  arc  correctly  given,  in  neither  case  is  the  mean 
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value  of  R  tan  a  what  Mr.  Shida  says  it  is.     In  the  first  case 
we  have — 


a. 

tan  « 

r. 

R. 

R  tan  «. 

45  15 
42  45 
51  39 

1-0088 
0-9244 
1-2639 

75 

80 
50 

107-88 
112-88 

108-83 
104-35 
104-75 

Mean     .     .     . 

=  105-98 

whilst  in  the  second  case  we  have 


a. 

tana. 

r. 

R. 

Rtan  «. 

45  15 
42  45 
51  39 

1-0088 
0-9244 
1-2639 

80 

100 

50 

112-88 
132-88 

82-88 

113-87 
122-84 
104-75 

Mea 

n     .     .     . 

=  113-82 

In  either  case  the  values  of  R  tan  a  are  very  far  from  being 
constant,  whilst  the  mean  value  materially  differs  from  104-73 
ohms. 

Two  other  slips,  presumably  made  either  in  transcribing  or 
during  proof-corrections,  have  been  already  noticed,  viz.  the 
statement  (in  each  paper)  that  the  electrostatic  values  of  the 
electromotive  forces  of  the  battery  and  cell  emploved  were 
0-904187  and  0-034380  C.G.S.  units,  instead  of  one  tenth  of 
these  quantities  in  each  case  respectively. 

Whatever  may  be  the  explanation  of  these  numerical  aber- 
rations, it  is  at  least  evident  that  when  an  author  t-^-ice  over 
publishes  such  numbers  as  these  (and  only  such  numbers)  as 
samples  of  his  work,  he  can  hardly  be  surprised  if  readers  con- 
ceive it  to  be  possible  that  oversights  may  have  been  made  in 
other  portions  of  the  research,  especially  when  incomplete  or 
ambiguous  descriptions  are  given  tending  to  convev  the  im- 
pression that  oversights  were  actually  made.  Humanum  est 
errare. 

In  conclusion,  I  must  remark  that  Mr.  Shida  misrepre- 
sents me  when  he  says  that  I  call  the  difference  of  poten- 
tial, V— y,  subsisting  between  the  poles  of  an  electromotor 
which  is  generating  a  current,  the  E.M.F.  of  that  electro- 
motor. On  the  contrary,  I  expressly  define  (Phil.  Mag.  May 
1881,  p.  359,  footnote)  the  E.M.F.  of  such  an  electromotor,  E, 
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to  be  this  difference  of  potential  "  corrected  for  the  effect  of  the 
current  passing  {if  appreciable) ,"  the  correction  being  the  ad- 
dition of  the  quantity  bG=  .  E.  This  is  obviously  equiva- 
lent to  defining  the  E.M.F.  as  (V-Y')tLP. 

I  have  the  honour  to  be,  Gentlemen, 

Your  most  obedient  Servant, 

Charles  11.  Alder  Wright. 

Chemical  Laboratory,  St.  INIary's  Hospital,  W., 

Augusts,  1881. 
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ON  THE  DETERMINATION  OF  THE  ANGULAR  DISTANCE  OF  THE 
COLOURS.      BY  M.  A.  ROSENSTIEHL. 

^WO  series  of  experiments  made  upon  a  chromatic  circle  called  my 
-*-  attention  to  three  colours  appearing  to  fulfil  special  functions*. 
I  was  tluis  led  to  discuss  Youug's  theoryt  on  the  three  fundamental 
sensations,  and  to  establish  two  categories  of  uou-complemeutary 
colours  : — 1 ,  those  which  by  their  mixture  in  threes  at  equal  inten- 
sity produce  the  sensation  of  white ;  2,  those  which  produce  that 
sensation  outside  of  those  proportions. 

I  have  designated  the  first  category  by  the  name  "triad;"  and  I 
remarked  that  from  their  definition  it  follows  that,  representing 
the  table  of  colours  by  an  equilateral  triangle  of  which  each  vertex 
is  occupied  by  oue  of  the  colours  of  a  triad,  the  complementaries 
will  be  placed,  in  that  construction,  on  the  sides  of  the  triangle  and 
at  the  extremities  of  a  straight  Hue  passing  through  the  point  of 
meeting  of  the  median  lines,  while  this  regularity  cannot  exist  for 
the  second  category  of  combinations  of  three  colours. 

The  aim  of  the  present  note  is  to  prove  that  the  three  colours 
above  referred  to,  viz.  orange,  the  third  yellow-green,  and  the  third 
blue,  possess  the  characters  of  a  triad. 

By  a  first  series  of  experiments  I  determine  the  pairs  of  comple- 
mentary colours.  I3y  a  second  series  I  ascertain  the  proportions  in 
which  the  three  colours  chosen  must  be  mixed  in  order  to  obtain 
the  sensation  of  white.  By  a  third  series  I  seek  to  reproduce  a 
determined  colour  by  the  mixture  of  two  or  three  colours :  all 
these  experiments  are  made  with  rotating  disks  ;  the  measurement 
of  the  angles  of  the  sectors  gives  the  position  of  this  colour  on  the 
sides  of  the  triangle.  In  the  calculations  I  do  not  take  into  consi- 
deration the  white  which  is  produced  at  the  same  time,  but  only 
the  sensation  of  colour,  my  aim  being  to  determine  the  proportion 
in  which  two  different  colour-sensations  must  be  mixed  to  obtain  a 

*  Phil.  Mag.  March  and  April  1881,  vol  xi.  pp.  222,  305. 
t  Ibid.  vol.  xii.  p.  78. 
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determined  sensation  of  colour.     The  results  of  the  three  series  of 
experiments  are  summed  up  in  the  following  figure. 

3rd  yellow-green. 


Blue-green 


3rd  blue 


YeUow. 


—  Orange-yellow. 


Violet-blue. 


Red. 


Orange. 


It  is  there  seen  that  the  straight  lines  which  join  the  comple- 
mentary colours  intersect  in  a  single  point.  Consequently  the 
three  separate  colours  form  part  of  a  trkd ;  here  is  their  position 
in  the  spectrum  : — 

Orange  at |  from  C  to  D. 

G-reen  (3rd  vellow-green)  at  |  from  D  to  E. 

Blue  (3rd  blue)  at i  from  F  to  G. 

I  repeated  the  last  two  series  of  experiments,  methodically  repla- 
cing one  of  the  three  colours  by  another.  I  did  the  same  \^-ith  the 
three  colours  which  Maxwell  considers  fundamental.  jNTone  of 
these  systems  give  regular  results.  Some  colours  which  to  the  eye 
are  very  close  are  in  them  separated  by  large  spaces,  while  some 
distinct  colours  are  there  brought  very  near  together  and  almost 
blended,  and  the  lines  joining  two  complementary  colours  do  not 
intersect  in  only  one  point. 

The  two  propositions  above  formulated  are  therefore  in  accord- 
ance with  experiment. 

To  complete  the  demonstration  of  the  existence  of  the  triads,  it 
remains  for  me  to  prove  that  all  the  colours  ivhich  occupy  the  vertices 
of  an  inscribed  equilateral  triangle  possess  the  same  properties. 

I  ascertained  that  it  really  is  so  by  recommencing  the  same  series 
of  experiments  with  the  triad  formed  by  the  fii-st  violet,  the  blue- 
green,  and  a  yellow  comprised  between  the  first  and  second  yellows 
of  my  chromatic  circle.  These  three  colours  are  distant  120°  in 
the  above  figure.  The  results  of  the  experiment  are  there  indi- 
cated. It  will  be  remarked,  not  only  that  the  complementary 
colours  are  situated  at  the  exti'emities  of  a  straight  line  passing 
through  the  point  of  intersection  of  the  median  lines,  but  aJso  that 
the  new  figure  is  exactly  superposable  to  the  first  in  what  concerns 
the  position  of  the  intervening  colours.  We  may  conclude  from 
this  that  tlie  angular  distance  of  the  colours  is  the  same,  whichever  may 
he  the  triad  employed  as  starting-point. 

Phil.  Mag.  S.  5.  Vol.  12.  No.  74.  Sept.  1881.  S 
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This  angular  distauce  is  therefore  deterniiued  once  for  all ;  but 
not  so  the  form  of  the  table  of  colours,  which  is  independent  of  it, 
since  the  same  result  can  be  arrived  at  with  an  infinity  of  triads. 

Which  of  the  triads  corresponds  to  the  fundamental  sensations? 
To  answer  this  question  \\  e  have  no  longer  exact  measures  to  guide 
us,  but  only  eye-estimates.  It  may  in  reality  bo  enunciated  thus  : — 
Are  the  colours  for  which  the  angular  distauce  is  the  same  equidis- 
tant to  sight?  If  the  answer  is  yes,  all  the  triads  have  the  same 
value,  and  the  table  of  the  colours  can  be  represented  by  a  circle. 
If,  on  the  contrary,  there  are  colours  equidistant  to  sight  whose 
complementaries  appear  more  distant  from  or  nearer  to  one  another, 
the  table  of  the  colours  presents  angles. 

The  study  which  I  have  previously  made  of  the  distribution  of 
the  complementary  colours  in  a  chromatic  cii'cle  shows  incontest- 
ably  that  all  the  colours  comprised  between  the  red  and  the  orange- 
yellow  have  complementaries  very  near  the  blue-green,  and  those 
comprised  between  the  blue  and  the  violet-blue  have  their  comple- 
mentaries very  close  to  the  yellow.  There  are  therefore  vertices 
towards  the  violet-blue  and  the  orange.  The  difference  appears  to 
me  less  accentuated  for  the  third  yellow-green. 

However  it  may  be  with  the  form  of  the  table  of  colours,  its  pro- 
jection upon  the  sides  of  an  equilateral  triangle  has  permitted  the 
determination  of  the  exact  angular  distance  of  the  colours — a  result 
which  had  not  yet  been  obtained,  and  which  suffices  to  connect  the 
facts  at  present  known.  The  above  diagram  represents  the  law  of 
the  mixture  of  colours,  and  may  be  substituted  with  advantage  for 
Newton's  rule. 

It  has  moreover  an  aesthetic  meaning :  by  the  determination  of 
the  triads  it  gives  facility  for  applying  to  arrangements  of  three 
colours  the  rules  of  harmony  w  hich  I  have  given  for  the  employ- 
ment of  complementary  colours  in  decoration. — Comptes  Rendus  de 
VAcademie  des  Sciences,  July  25,  ISSl,  t.  xciii.  pp.  207-210. 


ON  A  METHOD  FOR  AMPLIFYING  DISPLACEMENTS  OF  THE  PLANE 
OF  POLARIZATION.       BY  M.  H.  BECQUEREL. 

When  monochromatic  luminous  rays  pass  through  a  ludf-wavt 
crystal  plate,  the  emergent  rays  are,  as  is  known,  rectilinearly 
polarized  in  a  plane  which,  in  regard  to  the  axis  of  the  crystal  plate, 
is  symmetric  with  the  plane  of  polarization  of  the  incident  rays. 
This  property  of  a  Judf-ivave  plate  can  be  utilized  for  doubling  and 
trebling  tlie  measures  of  the  displacements  of  the  plane  of  polari- 
zation of  light.  This  can  be  accomplished  especially  in  the  follow- 
ing manner : — 

Having  ari'anged  an  experiment  for  the  purpose  of  measuring  a 
rotation  of  the  plane  of  polarization  of  light,  the  investigator  com- 
mences by  fixing  with  the  greatest  care,  by  means  of  the  analyzer, 
the  initial  position  of  the  plane  of  polarization  of  the  incident  rays. 
A  Jialf-wave  plate  is  then  interposed  in  front  of  the  analyzer  and 
rotated  until  the  plane  of  polarization  of  the  light-rays  is  not  de- 
flected by  their  passing  through  the  plate.     In  this  position  the 
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axis  of  the  crystal  plate  either  coincides  with  the  plane  of  polariza- 
tion of  the  rays  studied  or  is  perpendicular  to  it. 

This  first  determination  having  been  effected,  he  produces  the 
physical  phenomenon  which  will  give  rise  to  the  rotation  sought : 
this  will  be  either  the  interposition  of  a  substance  possessing  a 
natural  rotatory  power,  or  a  magnetic  influence,  or  some  other  phe- 
nomenon. 

An  equal  rotation  in  the  opposite  direction  to  that  which  is  really 
produced  is  then  observed  through  the  crystal  plate.  Upon  the 
divided  circle  in  the  centre  of  which  the  analyzer  is  mounted,  the 
position  of  the  plane  of  polarization  thus  observed  is  determined, 
aud  then  the  half-wave  plate  is  withdrawn.  The  rays  are  then 
received  upon  the  analyzer  polarized  in  the  direction  gi\  en  them  by 
the  experiment  which  \^  as  had  in  view  ;  and  this  direction  is  deter- 
mined upon  the  divided  circle.  The  angle  of  the  two  planes  of 
polarization,  symmetrical  with  respect  to  their  initial  position,  is 
double  the  angle  which  would  have  been  observed  directly  (without 
making  use  of  the  half-wave  plate). 

In  this  second  position  the  observer  can  replace  the  crystal  plate 
so  that  it  does  not  give  rise  to  any  new  deflection  of  the  plane  of 
polarization;  and  then  he  stops  the  phenomenon  he  is  studying. 
The  plane  of  polarization  of  the  rays  which  have  passed  through 
the  plate,  instead  of  returning  to  its  initial  position,  is  thrown 
symmetrically  on  the  other  side  of  the  axis  of  the  plate.  The  angle 
between  the  extreme  deflections  obtained  by  the  different  operations 
we  have  just  indicated  is  treble  that  which  would  have  been  obtained 
by  a  direct  measurement. 

This  method  can  be  employed  in  a  great  number  of  circumstances. 
It  is  peculiarly  applicable  to  the  system  of  two  planes  of  polariza- 
tion forming  between  them  a  constant  angle,  such  as  are  obtained 
with  a  penumbra-polarimeter,  especially  a  cut  Nicol.  The  deter- 
minations are  then  made  with  great  facility  and  precision. 

In  an  investigation  in  coiu-se  of  execution  I  have  had  occasion  to 
make  use  of  the  experimental  arrangement  I  have  just  described ; 
and  it  has  gdven  me  the  best  results. 

An  ordinary  observation  consists  of  two  viewings,  each  suscep- 
tible of  an  error.  The  method  above  explained  admits  of  four 
errors  for  the  double  deflection,  and  six  for  the  triple  deflection. 
It  is  therefore  necessary  to  determine  whether  the  measurements 
thus  made  possess  greater  precision  than  direct  measurements. 

If  the  experimenter  placed  the  axis  of  the  half -wave  plate  every 
time  rigorously  in  coincidence  with  the  plane  of  polai'ization  of  the 
incident  rays,  or  with  the  plane  that  bisects  the  system  with  pen- 
umbrse,  it  is  evident  that  the  same  precision  of  measurement  ajjplied 
to  angles  twice  or  thrice  as  large  would  diminish  in  the  same  pro- 
portion the  probable  errors.  The  precision  of  the  method  depends 
therefore  on  the  perfection  of  the  preliminary  determination.  JS^ow, 
with  the  penumbra-polarimeter,  for  example,  a  small  divergence 
between  the  axis  of  the  crystal  plate  and  the  plane  of  symmetry  of 
the  polarizer  gives  rise  to  a  variation  of  twice  that  amount  in  the 
relative  position  of  the  two  planes  of  polarization ;  so  that  the  sen- 
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eitiveuess  of  tlie  observation  is  considerably  aup;mented,  and  the 
determination  is  made  with  much  greater  precision  than  the  ordi- 
nary measurements. 

On  discussing  the  perturbing  influence  of  a  small  difference  be- 
tween the  real  position  of  the  plane  of  symmetry  of  the  polarizer 
and  the  initial  position  of  the  principal  plane  of  the  analyzer,  one 
perceives  that  the  error  committed  in  the  orientation  of  the  axis  of 
the  crystal  plate  is  about  one  half  less,  and  that,  if  all  the  viewings 
are  made  with  the  same  precision,  the  employment  of  the  foregoing 
method  reduces  the  errors  of  observation  to  about  three  fourths  of 
their  value  for  the  double,  and  to  two  thirds  for  the  triple  deflec- 
tions. 

Besides,  the  observer  finds  in  the  different  determinations  a  very 
precious  mutual  control,  permitting  him  to  fix  the  value  of  the  ap- 
proximation which  the  numbers  obtained  permit. 

The  foregoing  considerations  have  induced  me  to  lay  before  the 
Academy  this  new  method,  which  permits  one,  by  the  mere  inter- 
position of  a  suitably  chosen  crystal  plate,  to  augment  the  precision 
of  the  measurements  respecting  various  phenomena  of  rotatory 
polarization,  the  observation  of  which  is  sometimes  an  extremely 
delicate  process. — Comptes  Rendus  de  VAcademiedes  Sciences,  July  18, 
1881,  t.  xciii.  pp.  143-145. 


CHANGE  OF  STATE  :    SOLID-LIQUID. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 

Mason  College,  Birmingham, 
Gentlemen,  August  4, 1881. 

In  a  paper  on  the  Change  from  the  Solid  to  the  Liquid  State, 
which  appeared  in  the  July  number  of  the  Philosophical  Magazine, 
I  described  some  experiments  on  the  temperature  of  melting  ice 
when  the  ice  is  under  much  greater  pressure  than  the  water  in  con- 
tact with  it.  In  these  experiments  I  thought  I  had  obtained  some 
confirmation  of  the  preceding  theory,  that  the  melting-point  would 
be  lowered  much  more  than  when  both  ice  and  water  are  submitted 
to  the  same  perssure. 

I  have  lately  repeated  the  experiments  more  fully  ;  but  I  do  not 
find  my  previous  results  confirmed.  I  can  only  suppose  that  they 
were  wrong,  and  that  the  error  arose  from  insufficient  precautions 
as  to  the  temperature  of  the  thermopile- junction  \^hich  was  placed 
in  melting  ice.  I  now  find  that  the  water  freezes  in  the  pores  of 
the  sand  around  the  junction  placed  under  the  compressed  ice.  As, 
therefore,  the  conditions  necessary  to  success  are  not  realized,  there 
is  no  reason  to  expect  any  lowering  beyond  that  which  takes  place 
when  both  ice  and  water  are  submitted  to  the  same  pressure. 

I  regret  that  the  hasty  publication  of  my  previous  experiments 
should  render  it  necessary  for  me  to  ask  you  to  publish  this  expla- 
nation. 

I  remain,  Gentlemen, 

Yours  faithfully, 

J.  H.  POTNTING. 
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XXX.   The  Domain  of  Physiology,  or  Nature  in  Thought  and 
Language.     By  T.  Stekry  Hunt,  LL.D.,  F.R.S* 

Paet  I. — Historical.  , 
1.  Etymology  and  significance  of  Phi/sis  and  Katiira.  2.  Pliysical 
Science  defined.  3.  PJu/sieus  and  Phi/siologia.  4.  Physic  or  Xatui-al 
Philosophy;  Gower,  Locke.  5.  Physiology  defined.  6.  The  Greek 
Physiologists:  Humboldt.  7.  General  Physiology ;  Cudworth,  Moore, 
Stewart,  Burke,  Philosophical  Transactions.  8.  Special  Physiology, 
Glanvil ;  Mental  Physiology,  Brown  ;  Reynolds.  9.  Physic  and  Phy- 
siology in  Medicine ;  Chaucer.  10.  Physician ;  Xaturien  and  Natu- 
ri-ste.  11.  Hippocrates ;  Xatiu-e  in  Medicine.  12.  Hippocrates  as  a 
Natural  Philosopher.  13.  Alexandiia ;  the  Greek  and  the  Arab  Phy- 
sicians.    14.  The  terms  M6decin  and  Mediciner. 

§  1.  nj'^HE  iinpoi'tance  of  a  correct  and  well-defined  termi- 
J-  nology  in  science  cannot  be  overestimated,  since  a 
want  of  precision  in  language  leads  to  vagueness  in  thouglit, 
and  often  to  errors  in  philosophy.  There  are  few  more  stri- 
king examples  of  indefiniteness  in  language  than  can  be  found 
in  the  use  of  the  words  physic,  physiology,  and  their  deriva- 
tives. The  material  universe  is  designated  with  etymological 
correctness  as  physical  (that  is  to  say,  natural)  —  a  term  which 
belongs  alike  to  the  organic  and  the  mineral  kingdoms  :  but 
in  the  use  of  this  and  of  other  words  having  a  similar  etymo- 
logy (Gr.  (fivaL<i,  Lat.  natura?)  we  find  in  modern  language 
many  restrictions,  limitations,  and  ambiguities.  It  will  aid 
us  in  our  present  inquiry  if  we  bear  in  mind  that  both  the 
Greek  -physis  and  the  Latin  natura  involve  the  notion  of  a 

*  Erom  advanced  sheets  communicated  by  the  Author.  Essay  pre- 
sented to  the  National  Academy  of  Sciences,  and  read  before  it  in  ab- 
sti-act,  at  Washington,  April  IS,  1881. 

Phil.  Mag.  S.  5.  Vol.  12.  No.  75.  Oct.  1881.  T 
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generutiou  or  growth,  and  that  the  adjectives  physical  and 
natural,  in  their  origin,  imply  the  results  of  a  formative  pro- 
cess or  evolution.  Tlie  term  p/i>/sis  (which  we  translate  by 
nature),  as  employed  by  Aristotle,  denotes  that  which  is  at 
once  self-producing,  self-determined,  and  uniform  in  its  mode 
of  action. 

§  2.  The  substantive  physic  {^vaiKi],  jJii/aica,  physique) 
has  been  employed  by  philosophers  since  the  time  of  Aristotle 
to  signify  the  knowledge  of  all  material  nature.  "  Physical 
science,"  as  well  defined  by  Clerk  Maxwell  at  the  beginning 
of  his  little  treatise  on  Matter  and  Motion,  "  is  that  depart- 
ment of  knowledge  which  relates  to  the  order  of  nature,  or,  in 
other  words,  to  the  regular  succession  of  events.  The  name 
of  physical  science,  however,  is  often  applied  in  a  more  or  less 
restricted  manner,  to  those  bi-anches  of  science  in  which  the 
phenomena  are  of  the  simplest  and  most  abstract  kind,  exclu- 
ding the  consideration  of  the  more  complex  phenomena  such 
as  are  observed  in  living  beings. ^^ 

§  3.  To  the  student  of  natural  j)henomcna  Aristotle  gave 
the  names  of  phjsikos  and  phi/siologos.  These  words  were 
adopted  in  the  same  sense  by  the  Romans,  who  made  use  of 
the  substantives  pJiysicus  and  physiologia  to  designate  natural 
philosophers  and  natural  science.  Cicero  writes  of  the  l^hy- 
sicus  or  physician  Anaxagoras,  and  employs  the  ^^■ord  physio- 
logy to  denote  "  the  science  of  natural  things,"  in  accordance, 
as  he  tells  us,  with  Greek  usage*. 

§  4.  The  earlier  English  writers  followed  the  Greek  and 
Latin  usage,  and  employed  the  substantive  physic  (or  physike) 
in  the  same  sense  as  Aristotle.  Thus,  in  the  fourteenth  cen- 
tury, Gower  defines  physic  as  that  })art  of  philosophy  which 
teaches  the  knowledge  of  material  things,  the  nature  and  the 
circumstances  of  man,  animals,  plants,  stones,  and  every  thing 
that   has  bodily  substance f.     Descartes,  in  the  seventeenth 

*  Cicero,  Varr.  lib.  I.  E.  R.  cap.  40  :  "  Si  sunt  semina  in  aere,  ut  ait 
pbysicu3  Anaxagoia?."  Also  De  Nat.  Deorum,  I.  4:  "Rationem  naturae 
quam  physiologiam  Graeci  appellant."'  In  the  Totius  Latinitdtis  Lexicon 
of  Facciolatus  and  Forcellinus  we  find  tlie  definition, "  Physiologia,  scientia 
quae  de  naturis  rerum  disserit,  eadem  ac  Physica." 

t  Gower,  dividing  theoretical  philosophy  into  three  parts — Theologia, 
Physica,  and  Alathematica,  tells  us: — 

''  Physike  is  after  the  secoude, 
Through  which  the  philosophre  hath  foude, 
To  teche  sondrie  Imowlechynges 
Upon  the  bodeliches  tbinges 
Of  man,  of  beast,  of  herbe,  of  stone, 
Of  fish,  of  fowl,  of  euerich  one 
That  be  of  bodily  substance, 
The  nature  and  the  cu'cumstance.'" 

Confessio  Amantis,  book  vii. 
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centurv,  employed  the  word  (in  French  physique)  with  the 
same  signification  ;  and  it  was  subsequently  used  by  Locke  in 
a  still  more  comprehensive  sense.  He  writes  of  "  The  know- 
ledge of  things  as  they  are  in  their  own  proper  beings,  their 
constitutions,  properties,  and  operations:  whereby  I  mean  not 
only  matter  and  body,  but  spirits  also,  which  have  their  proper 
natures,  constitutions,  and  operations,  as  well  as  bodies.  This, 
in  a  little  more  enlarged  sense  of  the  word,  I  call  (f)V<TLKr),  or 
natural  philosophy"*. 

§  5.  We  have  seen  that  in  Latin  the  words  physic  and  phy- 
siology were  used  synonymously.  That  they  were  thus  under- 
stood by  English  writers  is  apparent  from  the  '  Universal 
English  Dictionary  '  of  Edward  Phillips  (sixth  edition,  1706), 
where  Physiology  is  defined  as  '•  a  discourse  on  natural  things; 
physics  or  natural  philosophy  ;  being  either  general,  that 
relates  to  the  affections  or  properties  of  matter,  or  else  special 
and  particular,  which  considers  matter  as  formed  or  distin- 
guished into  such  and  such  species."  Cotgrave,  a  lexicogra- 
pher of  the  seventeenth  century,  in  his  '  French  and  English 
Dictionaiy,'  also  defines  Physiologic  as  "  a  reasoning,  dispu- 
ting, or  searching-out  of  the  nature  of  things,"  a  definition 
which  is  cited  by  Charles  Richardson  in  his  '  English  Dictio- 
nary,' under  Physiology. 

§  6.  It  was  to  those  who  occupied  themselves  with  abstract 
or  general  physiology  (as  defined  by  Phillips)  that  the  Greeks 
gave  the  name  of  physiologists,  first  applied  to  the  philoso- 
phers of  the  Ionian  school,  who  sought  to  derive  all  things 
from  one  or  more  material  elements,  and  thus  had  a  physical 
basis  for  their  system  of  the  universe,  as  distinguished  from 
the  school  of  Pythagoras,  whose  system  was  based  on  numbers 
and  forms.  Of  Empedocles,the  author  of  a  didactic  poem  on 
Nature,  in  which  we  first  find  enunciated  the  doctrine  of  the 
four  elements  (fire,  air,  earth,  and  water),  Aristotle,  in  his 
Poetics,  makes  the  criticism  that  he  was  more  of  a  physiolo- 
gist than  a  poet.  Humboldt  repeatedly  employs  the  word 
physiology  and  its  derivatives  in  the  same  general  sense. 
Thus,  he  writes  of  "  the  natural  philosophy  of  the  Ionian  phy- 
siologists "  (Physiologien),  which  "  was  devoted  to  the  funda- 
mental ground  of  origin,  and  the  metamorphoses  oi  one  sole 
element;"  of  the  "  physiological  fancies  of  the  Ionian  school," 
and  of  the  teachings  of  Anaxagoras  of  ClazomenjE,  "  in  the 
latter  period  of  development  of  the  Ionian  physiology"!.  Of 
Anaxagoras  it  may  be  observed  that  his  views  marked  a  great 
advance  over  those  of  his  predecessors,  and  that  he  merited 

*  'Human  Understanding,'  book  vii.  c.  21. 
t  Cowios,  Otte's  translation,  Harper's  ed.  ii,  p.  108,  and  iii,  p.  11, 
T2 
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the  eiicoiniiiin  pronounced  by  Aristotle  that  he  was  the  first 
philosopher  ^^  ho  had  written  soberly  of  nature. 

§  7.  "We  find  the  word  physiology  and  its  derivatives  em- 
ployed in  the  same  general  sense  by  English  writers  in  the 
seventeenth  century.  Thus,  Cudworth  speaks  of  "the  old 
physiologers  before  Aristotle,"  and  writes  "■  They  who  first 
theologized  did  physiologize  after  this  manner,  inasmuch  as 
they  made  the  Ocean  and  Tethys  to  have  been  the  original  of 
generation"*;  while  Henry  Moore  says,  "  It  will  necessarily 
follow  that  the  Mosaical  philosophy,  in  the  physiological  part 
of  it,  is  the  same  with  the  Cartesian"!.  Coming  down  to 
later  writers,  we  find  the  word  physiologist  used  in  a  general 
sense,  as  equivalent  to  our  modern  term  naturalist.  Thus, 
Dugald  Stewart  calls  Cuvier  "  the  most  eminent  and  original 
physiologist  of  the  present  age;"  and  Burke  writes,  "The 
national  menagerie  is  collected  by  the  first  physiologists  of  the 
time"$. 

We  may  note  in  this  connexion  the  two  series  of  abridg- 
ments of  the  Philosophical  Transactions  of  the  Royal  Society — 
the  first,  from  its  commencement  to  1700,  and  the  second,  to 
1720,  both  published  with  the  imprimatur  of  Newton,  as  presi- 
dent of  the  Society.  In  these  collections  the  classification  of 
the  papers  is  as  follows  : — (1)  ^'■Mathematical,'''  including  pure 
and  ajjplied  mathematics  ;  (2)  "Fhi/sioloc/ical,''''  embracing 
all  meteorological  phenomena,  tides,  terrestrial  magnetism, 
mineralogy,  geology,  botany,  zoology,  and  the  study  of  the 
physical  world  in  general.  Subjects  relating  to  the  human 
body,  however,  such  as  anatomy  and  medicine,  were  excluded 
from  part  2,  and,  with  chemistry,  made  a  first  division  of 
part  3,  in  the  second  and  last  division  of  which  were  included 
philological  and  miscellaneous  papers. 

§  b.  Of  the  ''special  and  particular  phj-siology,"  as  distin- 
guished by  Phillips,  we  have  an  example  in  Glanvil,  who,  in 
the  seventeenth  century,  writes  of  the  physiology  of  comets  §. 
The  citation  from  Burke,  identifying  physiologists  with  zoolo- 
gists, may  also  perhaps  be  taken  as  an  example  of  a  special 
use  of  the  word  ;  while  in  later  times  we  have  come  to  speak 
of  Vegetable  Physiology,  Animal  Physiology,  Human  Phy- 
siology, and  even  of  Mental  Physiology,  a  term  employed  by 

*  'Intellectual  System,"  pp.  120,  171. 

t  '  Philosopbical  Cabbala,'  Appendix,  c.  1. 

I  Stewart,  'Philosophy  of  the  Human  Mind,"  ii.  c.  4;  and  Biu-ke, 
*  Letter  to  a  Noble  Lord.' 

§  ''  So  that  we  need  not  be  appalled  at  blazing  star^,  and  a  comet  is  no 
more  ground  for  astrolog-ical  presages  than  a  llaming  chimney.  The  un- 
paraUeled  Descartes  hath  unravelled  their  dark  physiology,  and  to  wonder 
solved  theii-  motions."  (Jos.  GlanvU,  'Scepsis  Scientifica,  ....  an  Essay 
on  the  Vanity  of  Dogmatizing,'  1665,  c.  sx.) 
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Dr.  Thomas  Brown  of  Edinburgh*,  who  speaks  of  "  physio- 
logy corporeal  or  mental  "f. 

§  9.  There  is  an  example  of  a  special  application  of  the 
words  physiology  and  physic  which  requires  further  conside- 
ration. We  have  already  cited  Cotgrave^s  first  definition  of 
the  word  Physiologie,  to  which  he  adds,  as  a  secondary  mean- 
ing, "  anatomizing  physic,  or  that  part  of  physic  which  treats 
of  the  composition  or  structure  of  man's  frame."  In  more 
recent  times,  however,  the  term  has  come  to  mean,  not  the 
anatomy,  composition,  or  structure  of  the  human  frame,  but 
its  functions,  to  which  signification  physiology  is,  in  popular 
languase,  limited,  though  now  by  didactic  writers  extended  to 
include  the  functions  of  the  lower  animals,  or  plants,  and  even 
of  the  human  mind. 

The  word  physic,  as  we  have  seen,  was  used  by  Grower  in 
the  general  sense  of  a  knowledge  of  all  material  things  :  but 
his  contemporary,  Chaucer,  employed  it,  in  a  special  and 
restricted  sense,  to  designate  the  science  of  medicine.  Thus, 
he  calls  his  practitioner  of  the  medical  art "  a  doctor  of  physic," 
and  in  his  description  of  this  personage  adds  that  "  gold  in 
physic  is  a  cordial":}:.  Subsequently,  and  to  our  own  time, 
we  find  the  term  applied,  in  Chaucer's  sense,  alike  to  the  art 

*  The  grounds  upon  whicli  Brown  based  this  extension  of  the  term 
physiology  may  be  gathered  from  the  following  passages : — "  There  is,  in 
short,  a  science  which  may  be  called  mental  physiology,  as  there  is  a  science 
relating  to  the  structure  and  offices  of  om-  corporeal  frame  to  which  the 
term  j)hy$iology  is  more  commonly  applied."  He  further  speaks  of  the 
^'  jjhysiology  of  the  mind,  considered  as  a  substance  capable  of  the  various 
modifications  or  states  which,  as  they  succeed  each  other,  constitute  the 
phenomena  of  thought  and  feeling ;''  and  declares  that  "  the  mind  is  as  an 
object  of  study to  be  comprehended,  with  every  other  existing  sub- 
stance, in  a  system  of  general  physics."  (Brown,  'The  Philosophy  of  the 
Human  INIind,'  Lectui-es  I.,  H.,  and  V.) 

t  Since  the  writing  of  this  essay.  Prof.  Osborne  Reynolds,  in  '  Natm-e ' 
for  Jime  9,  1881  (vol.  xxiv.  page  123),  h'as  made  a  happy  use  of  the  word 
in  question,  in  writing  of  the  locomotive  engine  of  George  Stephenson, 
of  which  he  says,  "  the  physiology  of  the  machine  resembled  that  of  the 
human  system ;  "  while  he  .speaks  of  its  inventor  as  "  he  who  produced 
the  locomotive  phy.siologically  perfect." 

X  "  With  us  there  wa,s  a  doctour  of  phisik. 
In  all  the  world  ne  was  there  non  him  lyk 
To  speke  of  phisik  and  of  surgerye, 
For  he  was  orrounded  in  astronomve. 


He  knew  the  cau?e  of  every  maladye, 
Were  it  of  hot  or  cold  or  moyste  or  drye. 
And  where  engendered  and  of  what  humom-e ; 
He  was  a  veiy  pai-fight  practisour. 

Well  knew  he  the  old  Esculapius, 
And  Dioscorides,  and  eke  Rufus, 
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of  healing  and  to  its  medicaments.  If  we  search  for  the  origin 
of  this  peculiar  use  of  the  word  physic,  we  shall  find  it  em- 
ployed with  the  same  meanino-  in  niediEeval  Latin*.  In  French 
also,  according  to  Littre,  the  term  p/ii/sigue  was  in  the  thir- 
teenth century  applied  to  the  science  of  medicine,  the  profes- 
sors of  which  were  then  called  p^ysjc/^nsf,  a  designation  which 
they  kept  till  the  time  of  Rabelais,  and,  as  we  know,  still 
retain  in  English,  though  the  term  pliysicien  is  at  present  ap- 
plied in  French  only  to  students  of  physical  science  in  the 
restricted  sense  mentioned  in  §  2,  including  what,  in  didactic 
phrase,  is  now  called  •physique  in  French  and  physics  in 
English. 

§  10.  It  is  a  curious  inquiry  how  these  terms  came  to  have 
this  restricted  use  in  the  middle  ages,  and  how  the  name  of 
physiais  or  physician,  originally  applied  to  the  student  of  ma- 
terial things — and  by  pre-eminence  to  Anaxagoras  of  Clazo- 
menas,  who  was  called  "  the  physician  "  (6  (f)vaiK6<i) — came  to 
signify  in  mediasval  France  and  England  the  medicus,  mdcleciriy 
or  mediciner — the  master  of  the  art  of  healing  diseases  in  the 
human  frame.  Menage  assigns  as  a  reason  for  this,  that  the 
art  "  consists  principally  in  the  contemplation  of  nature;"  and 
in  this  imperfect  statement  will  be  found  the  answer  to  our 
inquiry,  upon  which  much  light  is  thrown  by  the  use,  in 
mediieyal  times,  of  the  words  naturiea  and  naturiste.  NaturienX, 
which  is  found  in  the  fourteenth  century,  both  in  English  and 
in  French,  is  etymologically  equivalent  to  p>]iysicien,  and  was 
applied  to  certain  professors  of  the  art  of  healing,  being  appa- 

Old  Hippocras,  Hali  and  G  allien, 
Serapion,  Rasis  aud  Avicen, 
AveiTois,  Damascene  aud  Constautin, 
Bernard  and  Gatisden  and  Gilbertin. 


For  gold  in  phisik  is  a  cordial. 
Therefore  he  loved  gold  in  special." 

Ohaucee,  Canterbury  Tales,  Prologue. 

*  Du  Cange,  Glossarium  ad  Scriptores  mediae  et  injimae  Lattnttatis, 
ed.  Herschel,  sub  voce  Physica, 

t  "  Nous  ^tablissons  ....  un  fisicieu  jur4  et  pensionnaire  du  convent." 
(R^glement  de  I'Abbaye  Royale  de  Soissous,  A.D.  1282 ;  cited  by  Menage, 
IHctionnaire  Eti/mologique,  sub  voce  Physicien.) 

X  The  following  satirical  rhyme  of  tlie  fourteenth  centiuy  is  cited  by 
Littr(?,  in  his  Dictionmiire,  sub  voce  Naturien ; — 

*•'  Ou  le  physicien  fait  fin,  La  commence  le  m^decin. 
Supposant  pom*  physicien,  Le  tres-savant  naturien." 

Gower,  who  us(^s  the  word  more  than  once,  writes: — 

"  And  thus  seyth  the  naturien, 
Which  is  an  astronomien." 

Confessto  Amantis,  book  vii. 
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rently  synonymous  with  natiiriste,  which,  as  stated  by  the 
learned  Littre  in  his  Dictionnaire,  meant  "  a  mediciner  who 
practised  expectant  medicine — that  is  to  say,  who  trusted  to 
the  conservatiye  influences  of  nature  to  heal  his  patient." 

§  11.  For  the  origin  of  the  physician  or  naturian  in  medi- 
cine, we  must  go  back  more  than  twenty  centuries,  to  the  great 
Hippocrates,  justly  styled  the  father  of  medicine.  It  was  a 
maxim  of  his  school  that  "  nature  is  the  healer  of  diseases  "* ; 
and  himself  it  was  who  wrote  of  medicine,  that  "  the  art  con- 
sists in  three  things — the  malady,  the  patient,  and  the  medi- 
ciner. The  mediciner  is  the  seryant  of  nature,  and  the  patient 
must  help  the  mediciner  to  combat  the  disease"!. 

Nature,  in  the  language  of  the  time,  was  spoken  of  as  a  vis 
medicatrix,  or  healing  power  ;  but  Yirchow  justly  remarks 
that,  from  a  careful  perusal  of  the  works  left  us  by  the  great 
master,  we  cannot  doubt  that  by  nature  he  meant  the  whole 
bodily  constitution  of  man.  Hippocrates  insisted  upon  a  treat- 
ment of  diseases  based  not  upon  magic  nor  upon  supernatural 
agencies,  but  upon  the  belief  that  nature  works  according  to 
a  divine  necessity  ;  in  other  words,  he  taught  a  system  of  pa- 
thology founded  on  the  recognition  of  physical  laws,  which  he 
opposed  to  the  superstitious  notions  of  his  caste  and  his  age. 
The  iatros,  or  mediciner,  was  henceforth  no  longer  a  magician, 
nor  a  priest,  but  a  physiologist,  physician,  or  naturist,  seeking 
for  healing  agencies  in  the  study  of  the  physical  organization 
of  the  patient.  The  pathology  of  the  Dogmatists,  who  were 
the  disciples  of  Hippocrates,  was  based  upon  a  knowledge  of 
the  structure  and  functions  of  the  human  organism,  and  of  the 
structural  and  functional  modifications  produced  alike  by 
disease  and  by  the  action  of  drugs. 

§  12.  But  Hippocrates  had  still  another  claim  to  the  title 
of  physician  or  physiologist,  since,  not  content  with  studj-ing 
the  physical  constitution  of  man,  he  insisted  upon  the  import- 
ance of  a  knowledge  of  all  his  relations  to  external  nature.  In 
his  celebrated  treatise  'On  Airs,  Waters,  and  Localities,'  Hip- 
pocrates declares  that  whoever  would  understand  medicine, 
must  study  the  movements  of  the  heavenly  bodies  and  all 
meteorological  phenomena,  together  with  physical  geography, 

*  yiovaav  (jiv(n€s  Irjrpoi,  Hippocrates,  Epiclem.  book  vi.  sec.  5.  1. 

t  Epidem.  book  i.,  sec.  2,  o.  The  loeeiTed  text  makes  the  mediciner 
''the  servant  of  the  art ;"  but  C^len,  in  his  'Commentary,'  tells  us  that 
some  manuscripts  in  his  time  had,  instead  of  6  IrjTpos  vTrrjperrjs  rffs  rep^njy, 
the  -nord  (f)vcnos  for  rexf^s.  This  latter  reading  I  have  followed,  as 
more  consonant  with  the  previously  cited  dictum ;  for  if  "  nature  is  the 
healer  of  diseases,''  the  mediciner  must  be  "  the  servant  of  nature."  See 
Adams's  '  Genuine  Works  of  Hippocrates,'  vol.  i.  p.  360,  note ;  also  Littre's 
'  Hippocrates,'  vol.  ii.  m  loco. 
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including  climate,  soil,  vegetation,  rocks,  minerals,  and 
Avaters;  to  Avhicb  ho  adds  that  the  mediciuer,  if  ho  would  pre- 
serve the  health  of  his  patients  and  succeed  in  his  art,  must 
investigate  "every  thing  else  in  nature"*. 

§  13.  The  teachings  of  Hippocrates  and  his  followers  were 
maintained  in  the  school  of  Alexandria,  where,  we  are  told, 
the  studios  were  arranged  in  four  divisions  or  faculties — 
letters,  mathematics,  astronomy,  and  medicine  ;  under  which 
last,  as  we  know  from  the  history  of  the  Museum,  were  in- 
cluded botany,  geology,  chemistry,  optics,  and  mechanics. 
The  learning  of  the  Alexandrian  school  was  preserved  by  the 
Jews  and  the  Nestoriuns,  and  by  them  handed  down  to  the 
Arabians,  who  brought  it  with  them  into  Southern  Europe- 
It  suffices  to  speak  of  Djafar,  Rhazes,  Avicenna,  and,  later,  of 
the  schools  of  Salerno,  Cordova,  Montpellier,  Narbonne,  and 
Aries,  where  were  gathered  together  men  fimied  alike  in 
medicine,  anatomy,  zoology,  botany,  optics,  mechanics,  and 
astronomy,  who  merited  in  the  widest  sense  the  name  which 
they  then  bore,  of  physicians  ;  since  they  were  not  simply 
iatro})hysicians,  but  philosophers  who  had  taken  all  natural 
science  for  their  province.  Draper,  speaking  of  the  Arabians 
of  that  age,  says: — "  Their  physicians  were  their  great  philo- 
sophers ;  their  medical  colleges  were  their  foci  of  learning." 
''Arab  science  emerged  out  of  medicine;  and  in  its  cultivation 
physicians  took  the  lead,  its  beginnings  being  in  the  pursuit 
of  alchemy  "t'  It  is  to  be  noted  that  Chaucer^s  doctor  of 
physic  (§  9)  was  not  only  learned  in  astronomy  and  read  in 
the  works  of  the  Greeks,  Hippocrates,  Galen,  Eufus,  and 
Dioscorides,  but  knew  well  those  of  Ali,  Avicenna,  Averroes, 
Ehazes,  and  Damascenus,  all  of  them  renow^ned  Arab  medi- 
ciners  and  natural  philosophers. 

§  14.  The  French  language,  as  we  have  seen,  soon  came  to 
distinguish  between  the  physician  and  the  professional  healer 
of  diseases.  From  medicare  came  the  mediaeval  Latin  verb 
medicinare,  whence  the  French  verb  mMeciner  and  the  sub- 
stantive inMecin,  corresponding  to  which  we  find  in  German 
and  in  English  the  substantive  nudiciner.  Sir  Walter  Scott 
puts  into  the  mouth  of  King  Richard  the  words  "  It  is  unbe- 
coming a  mediciuer  of  thine  eminence  to  interfere  with  the 
practice  of  another  "|;  and  Jamieson  gives  a  Scotch  proverb, 
"  Live  in  measure  and  laugh  at  the  mediciners  "§.     It  is  to 

•  Hippocrates  '  Ou  Airs,  Waters,  and  Localities,'  sections  1-8. 

t  Draper, '  Intellectual  Development  of  Europe,'  i.  c.  13 ;  ii.  c.  4. 

X  '  The  Talisman,'  chop,  xviii. 

§  Jamiesou's  Scottish  Dictionar}*  has  Medcinare,  Medicinar,  and  Medi- 
ciner,  meaning  the  practitioner  of  medicine,  thus  showing  a  derivation 
from  the  Latin  verb  medicinare,  the  second  vowel  being  dropped  in  the  first 
form. 
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be  wished  that  this  word  were  generally  adopted  in  our  speech, 
since  the  name  of  physician  is  now  given  to  empirics  who, 
whatever  their  claims  to  be  curers,  mediciners,  or  medicasters, 
have  no  right  to  be  called  physicians.  The  antagonism  between 
the  two  schools  is  humerously  shown  in  the  old  French  quatrain 
cited  in  the  note  to  §  10. 

Pakt  II. — Philosophical. 

15.  The  term  Physics  and  Physical.  16.  Carpenter  and Tyudall.  17.  Thom- 
son and  Tait;  OliiFord;  Dynamics  and  Dynamicist.  18.  Chemism, 
theory  of  chemical  changes.  19.  The  Chemical  process  defined. 
20.  The  Unity  of  Force  ;  universal  Animation.  21.  Organized  Matter ; 
Biotics.  22,  Physiography  and  Physiology.  23.  The  Activity  of 
Protoplasm.  24.  Graham  and  Herbert  Spencer  on  Colloids.  25.  Bar- 
ker on  Vital  Phenomena.  26.  Biophysiology ;  scope  of  General 
Physiology.  27.  Physiography;  Huxley;  Humboldt's  Cosmos. 
28.  Physiophilosophy  of  Okeu ;  Stallo.  29.  Oken's  system  defined. 
30.  Physiographical  and  Physiological  Botany.  31.  Physiogi-aphical 
Mineralogy.  32.  Structural  Mineralogy  and  Mineral  Physiology. 
Appendix :  Newton. 

§  15.  Having  in  the  first  part  of  this  essji}^  considered  the 
words  physic,  physiology,  and  physician  etymologically  and 
historically,  we  proceed  to  notice  them  in  their  application  by 
modern  writers.  We  have  already  seen  that  the  term  phy- 
sical science  is  often  restricted  to  those  phenomena  which  are 
common  to  organized  and  unorganized  matter  (§  2).  The 
study  of  these  is  now  generally  designated  in  didactic  lan- 
guage as  physics,  or  in  French  physique — the  votary  of  such 
studies  being  called  in  English  a  physicist,  and  in  French  a 
physicien. 

Physical,  as  an  adjective,  however,  is  used  in  a  wider  sense 
than  the  above  when  applied  to  organized  beings.  It  then 
designates  their  organism  and  all  pertaining  thereto,  as  in  the 
expression  the  physical  life  of  man,  or  in  the  common  tauto- 
logical phrase  "  man's  physical  nature." 

§  16.  While  the  word  physic,  or  rather  physics,  is  in 
modern  English  generally  limited  to  the  study  of  the  pheno- 
mena of  the  inorganic  world,  the  once  synonymous  term  phy- 
siology has  come  to  mean,  both  in  English  and  in  French, 
the  study  of  the  organic  functions  of  plants  and  animals  (and, 
by  an  extension  of  the  term,  that  of  the  functions  of  the  human 
mind),  which  are  designated ^s  physiological  in  contradistinc- 
tion to  the  so-called  physical  phenomena  of  inorganic  nature. 
Examples  of  these  limitations  respectively  of  the  words  physic 
and  physiology  and  their  derivatives  are  familiar  to  every 
reader.  Thus,  William  B.  Carpenter  constantly  distinguishes 
between  physical,  chemical,  and  vital  forces,  the  considera- 
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tion  of  the  latter  only,  according  to  him,  belonging  to  phy- 
siology*. 

On  the  other  hand,  we  find  well-kno\vn  writers  employing 
the  word  physical  and  its  congeners  indifferently  in  their 
wider  and  their  more  restricted  meanings.  Thus,  in  his 
address  before  the  British  Association  for  the  Advancement 
of  Science  at  Belfast,  in  1874,  Tvndall,in  discussing  the  acti- 
vities of  the  animal,  speaks  successively  of  "  the  work  of  the 
physicist,  .  .  .  the  comparative  anatomist,  and  the  physiolo- 
gist." Following  this,  the  influence  of  the  nervous  system 
"  over  the  whole  organism,  physical  and  mental,"  is  spoken  of; 
and  a  few  hues  further  on,  "  the  physical  life  dealt  with  by 
Mr.  Darwin "  is  distinguished  from  "  a  psychical  life ;" 
while  in  the  next  paragraph  we  read  of  "  organisms  whose 
vital  actions  are  almost  as  purely  physical  "  as  the  coalescence 
of  drops  of  oil  suspended  in  a  watery  medium  of  the  same 
density  in  the  classic  experiments  of  Plateau  f.  In  the  first 
citation  the  investigations  b}-  the  dynamo-physicist  of  the 
nervous  and  muscular  activities  of  the  animal  are  distinguished 
from  those  of  the  biologist.  In  the  second  and  third  cita- 
tions the  physical  organism  and  the  physical  life  are  distin- 
guished, not  as  in  the  preceding,  from  the  chemical  and  vital 
(which  they  evidently  include),  but  from  the  mental  organi- 
zation and  the  psychical  life ;  while  in  the  fourth  the  anti- 
thesis is  between  physical,  in  the  sense  of  dynamical,  on  the 
one  hand,  and  chemical  and  vital  processes  on  the  other. 

§  17.  Thomson  and  Tait,  in  their  treatise  on  Natural 
Philosophy,  wherein  are  considered  only  those  simpler  phe- 
nomena of  matter  which  are  neither  chemical  nor  vital, 
employ  the  term  Dynamics  for  the  forces  thus  manifested, 
and  di\ade  the  study  of  them  into  Kinetics  and  Statics,  or  the 
phenomena  of  actual  motion  and  of  rest.  Some  writers  have 
used  static  as  the  antithesis  of  dynamic  (see  further,  §  24); 
but  statics,  as  implying  simply  equilibrium,  are,  as  W.  K. 
Clifford  has  well  remarked,  "  but  a  particular  case  of  kine- 
tics," and  hence  are  to  be  included  with  the  latter  under  the 
common  title  of  dynamics.  Thomson  and  Tait  consider  under 
this  head,  besides  the  phenomena  of  ordinary  motion,  the 
vibrations  which  produce  sound,  and  those  motions  by  which 
we  seek  to  explain  the  phenomena  of  temperature,  radiant 
energy,  and  electricity  and  magnetism.  The  whole  of  the 
phenomena  to  which,  in  the  modern  and  restricted  sense,  the 
name  of  Ph^'sics  is  generally  applied,  are  thereby  included 

•  ''Relation  of  the  Vital  to  the  Physical  Forces,"  Philosophical  Tran- 
sactious,  1850,  p.  727.  « 

t  Tyndall's  Belfast  Address,  Appleton's  ed.,  pp.  50  &  51. 
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under  the  head  of  dynamics — a  term  which  is  thus  employed 
not  only  by  the  authors  just  cited,  but  by  Clerk  Maxwell, 
Helmholtz,  and  Clifford*,  and  will  be  so  used  in  the  following 
pages,  while  the  term  dynamicist  vdW  replace  physicist. 

§  18.  Dynamics  in  the  abstract  regard  matter  in  general, 
without  relation  to  species,  the  genesis  of  which  is  the  office 
of  the  chemical  process  or  chemism.  This  gives  rise  to  mine- 
ralogical,  or  so-called  chemical,  species,  which,  theoretically, 
may  be  supposed  to  be  formed  from  a  single  element  or 
materia  prima  by  the  chemical  process. 

"  It  is  necessary  to  distinguish  between  the  production  of 
new  species  differing  in  physical  characters  f  and  that  repro- 
duction which  belongs  to  organic  existences.  The  distinction 
arises  from  that  individuation  which  marks  the  results  of 
organic  life,  and  is  eminently  characteristic  of  its  higher 
forms.  The  individuality,  not  only  of  the  organism,  but  of 
its  several  parts,  is  more  evident  as  we  ascend  the  scale  of 
organic  life,  while  inorganic  bodies  have  a  specific  existence, 
but  no  individuality;  division  does  not  destroy  them.  Crys- 
tallization is  a  commencement  of  individuation." 

"  That  mode  of  generation  which  produces  individuals  like 
the  parent  can  present  no  analogy  to  the  phenomena  under 
consideration;  metagenesis,  or  alternate  generation,  and  meta- 
morphosis are,  however,  to  a  certain  extent,  prefigured  in  the 
chemical  changes  of  bodies.  Their  metagenesis  is  effected  in 
two  ways — by  condensation  and  union,  on  the  one  hand,  and 
by  expansion  and  division,  on  the  other.  In  the  first  case, 
two  or  more  bodies  unite  and  merge  their  specific  charac- 
ters in  those  of  a  new  species.  In  the  second  case,  this  pro- 
cess is  reversed,  and  a  body  breaks  up  into  two  or  more  new 
species.  Metamorphosis  is,  in  like  manner,  of  two  kinds :  in 
metamorphosis  by  condensation  only  one  species  is  concerned; 
and  in  metamorphosis  by  expansion  the  result  is  homogeneous 
and  without  specific  difference.  The  chemical  history  of 
bodies  is  a  record  of  these  changes  ;  it  is,  in  fact,  their 
genealogy." 

"  The  processes  of  union  and  division  embrace  by  far  the 
greater  number  of  chemical  changes,  in  which  metamorphosis 
sustains  a  less  important  part.  By  union,  we  rise  to  indefi- 
nitely higher  species ;  but  in  division  a  limit  is  met  with  in 
the  production  of  species  which  seem  incapable  of  further 

*  W.  K.  CliflFord,  'Essays,'  ii.  p*  17.  This  author, following  the  French 
usage,  employed  the  substantive  Dynamic  in  a  treatise  on  the  subject  thus 
entitled ;  but  the  plural  form,  Dynamics,  is  preferable,  as  serving  to  dis- 
tinguish it  from  dynamic  used  adjectively. 

t  That  is  to  say,  differing  in  dynamic  relations. 
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division ;  and  these,  being  regarded  as  primary  or  original 
species,  are  called  chemical  elements.  These  two  ])rocesses 
continually  alternate  with  each  other;  and  a  species  produced 
by  the  first  may  yield,  by  division,  species  unlike  its  parents. 
From  this  succession  results  double  decomposition  or  equiva- 
lent substitution,  wliich  always  involves  a  union  followed  by 
division,  although,  under  the  ordinary  conditions,  the  process 
cannot  be  arrested  at  the  intermediate  stage." 

§  19.  I  have  quoted  the  three  preceding  paragraphs  from 
an  essay  published  by  myself  in  1853,  on  the  Theory  of 
Chemical  Changes.  Therein  I  also  wrote,  "  Chemical  combi- 
nation is  interpenetration,  as  Kant  has  taught.  "When  bodies 
unite,  their  bulks,  like  their  specific  characters,  are  lost  in 
that  of  the  new  species."  In  1854,  however,  in  an  essay 
entitled  'Thoughts  on  Solution'*,  I  declared,  with  regard 
to  Kant's  view,  that  "  The  conception  is  mechanical,  and 
therefore  fails  to  give  an  adequate  idea.  The  definition  of 
Hegel,  that  the  chemical  process  is  an  identification  of  the 
difJ'erent  and  a  differentiation  of  the  identical,  is,  however,  com- 
pletely adequate.  Chemical  union  involves  an  identification 
not  only  of  the  volumes  (interpenetration  mechanically  consi- 
dered), but  of  the  specific  characters  of  the  combining  bodies, 
•which  are  lost  in  those  of  the  new  species.  .  .  .  We  may  say 
that  all  chemical  union  is  nothing  else  than  solution;  the 
uniting  species,  are,  as  it  were,  dissolved  in  each  other,  for 
solution  is  mutual." 

The  above  considerations  will  serve  to  show  the  essential 
nature  of  chemism,  a  process  resulting  in  the  genesis  of  che- 
mical species,  which  are  mineral  or  inorganic. 

§  20.  The  force  involved  in  the  chemical  process  manifests 
itself  as  radiant  energy  and  electricity;  and  there  is  appa- 
rently a  tendency  among  modern  dynamicists  to  confound 
these  activities  "with  chemism  itself,  and  thus  to  lose  sight  of 
the  essential  significance  of  the  chemical  process  as  already 
defined.  Thus  Cliftbrd  wrote  of  molecular  motion,  "  which 
makes  itself  known  as  light,  or  radiant  heat,  or  chemical 
action  "  f;  while  Faraday  was  wont  "  to  express  his  conviction 
that  the  forces  termed  chemical  affinity  and  electricity  are  one 

*  Of  the  two  essays  above  quoted,  the  first  appeared  in  1853,  in  the 
American  Journal  of  Science  for  March,  and  also  in  the  Philosophical 
Magazine  [4]  v.  p.  52G,  and  also,  translated  into  German,  in  the  C/ie- 
7n{sches  Centralblatt  for  1853,  p.  849.  The  second  was  published  in  the 
American  Journal  of  Science  for  January  1854,  and  also  in  the  Chemical 
Gazette  for  1855,  page  00.  Both  will  be  found  in  the  author's  volume  of 
*  Chemical  and  Geological  Essays,'  in  which,  for  the  extracts  here  given, 
see  pages  427,  428,  and  450. 

t  W.  K.  Clifford, '  Essays,'  ii.  p.  17. 
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and  the  same."  Helmholtz,  from  whom  I  here  quote^  adds  : — 
"  I  think  the  facts  leave  no  doubt  that  the  very  mightiest 
among  the  chemical  forces  are  of  electrical  origin ;  .  .  .  but  I 
do  not  suppose  that  other  molecular  forces  are  excluded, 
working  directly  from  atom  to  atom"*. 

The  activities  which  appear  in  dynamic  and  in  chemic 
phenomena  are  one  in  essence;  for  force  is  one.  The  same 
is  true  of  the  activities  manifested  in  organic  growth,  and 
even  in  thought;  but  the  unity  and  mutual  convertibility 
of  diflFerent  manifestations  of  force  afford  no  ground  for  con- 
founding, as  some  would  do,  dynamics  with  chemics,  or  with 
vital  or  mental  processes.  All  of  these  phenomena  are  but 
the  evidences  of  universal  animation^  or,  in  other  words,  of 
an  energy  which  is  inherent  in  matter,  the  manifestations  of 
which,  as  matter  rises  to  higher  stages  of  development,  become 
more  complex,  as  organic  individuals  are  themselves  more  com- 
plex than  minei'al  forms. 

§  21.  From  the  process  which  generates  chemical  species 
we  pass  to  that  which  gives  rise  to  oi'ganized  individuals,  in 
which  appear  a  new  class  of  phenomena,  distinguished  alike 
from  those  of  dynamics  and  those  of  chemism.  These  new 
manifestations,  which  ai-e  called  vital,  involve  dynamical  and 
chemical  activities,  but  display,  in  addition  to  these,  still 
higher  ones.  Matter  on  this  more  elevated  plane  not  only 
becomes  individualized,  but  adapts  itself  to  external  condi- 
tions by  organization,  and  exhibits  in  the  resulting  forms  the 
power  of  growth  by  assimilation  and  of  reproduction.  The 
study  of  these  forms  in  all  their  relations  is  the  object  of 
Biology.  Organogeny,  or  the  process  of  morphological 
growth  and  development,  distinguishes  the  biological  from 
the  miueralogical  individual.  The  activities  of  the  crystal  are 
purely  dynamic  ;  and  its  crystalline  individuality  must  be  de- 
stroyed before  it  can  become  the  subject  even  of  chemism; 
while  the  plant  and  the  animal  exhibit  not  only  dynamical 
and  chemical,  but  organogenic  activities,  which  last  are  desig- 
nated as  vital  phenomena.  The  study  of  these  constitutes  a 
third  division  of  physics,  which  may  be  conveniently  desig- 
nated as  Biotics  (from  ^lotlko^,  pertaining  to  life),  and  have 
to  do  with  organic  growth,  development,  and  reproduction 
— activities  which  do  not  appear  in  the  mineral  kingdom. 

Mineralogy  is  the  science  of  inorganic  matter,  and  studies 
its  dynamical  and  chemical  gelations;  while  Biology,  which 
is  the  science  of  organic  matter,  adds  to  these  the  study  of 
biotic  relations.     The  dynamic  and  chemic  activities  which 

*  Helmholtz,  The  Faraday  Lecture,  April  5,  1881 ;  absti-act  prepared 
by  its  author, '  Nature,'  vol.  xxiii.  p.  .539. 
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in  the  mineral  kingdom  give  rise  to  the  crystalline  individual 
are  therein  in  static  equilibrium.  The  organic  individual,  on 
the  contrary,  is  kinetic,  and  maintains  its  equilibrium  only  by 
perpetual  adjustment  with  the  outer  world. 

§  '2.'2.  General  physic,  or  the  study  of  nature,  presents  itself 
under  a  twofold  aspect,  the  historical  and  the  philosophical ; 
the  former  gives  rise  to  physiograph}-,  while  to  the  latter 
the  name  of  physiology  more  properly  belongs.  Physio- 
graphy describes  .specific  and  individual  forms  and  their  ex- 
ternal relations;  while  physiology  investigates  the  processes 
by  which  these  forms  are  produced,  and  gives  us  the  logic  of 
nature.  The  physiology  of  matter  in  the  abstract  is  dyna- 
mic; that  of  mineral  forms  is  both  dynamic  and  chemic  ; 
while  that  of  organic  forms  is  at  once  dynamic,  chemic,  and 
biotic. 

Nature  in  all  its  manifestations  constitutes  a  unity;  and  it 
is  the  object  of  general  physiology  to  study  the  process  of  crea- 
tion in  the  material  world  from  primal  matter  upward  through 
its  various  forms  until  it  attains  to  organization,  and  at  length, 
in  man,  to  self-consciousness,  Avhere  the  domain  of  physiology 
ends  and  that  of  psychology  begins. 

§  23.  In  accordance  with  the  views  here  enunciated,  all 
matter  is  in  a  sense  living,  "  all  movement  is  radically  vital  "*, 
though  we,  in  common  language,  refuse  the  designation  of 
vital  to  those  lower  forms  of  material  activity  which  appear 
in  dynamic  and  chemic  phenomena,  reserving  it  for  such  as 
are  supposed  to  be  peculiar  to  organized  forms,  which,  to  pre- 
vent misconception,  I  have  called  biotic.  When  matter, 
through  chemism,  attains  the  condition  of  protoplasm,  which 
may  be  chemically  described  as  a  colloidal  albuminoid  united 
with  more  or  less  water,  it  begins  to  exhibit  that  form  of 
activity  which  we  term  vital  or  biotic.  "  The  mobility  and 
the  spontaneous  movements  of  this  substance,"  says  Allman, 
"  result  from  its  proper  irritability.  From  the  facts,  thei-e  is 
but  one  legitimate  conclusion,  that  life  is  a  property  of  proto- 
plasm "  \, 

§  2-4.  Man}-  of  the  peculiar  characters  of  protoplasmic 
matter  appear  to  be  common  to  chemical  species  in  the  col- 
loidal condition.  The  remarkable  properties  exhibited  by 
colloids  led  their  discoverer,  Graham,  twenty  years  since,  to 
declare,  '*  The  colloidal  is,  in  fact,  a  dynamical  [kinetic]  state 
of  matter,  the  crystaUoidal  being  the  statical  condition.  The 
colloid  possesses  Energia ;  it  may  be  looked  upon  as  the  pro- 

•  Stallo,  '  Philosophy  of  Nature,'  p.  66. 

t  Allman,  Presidential  Address  before  the  British  Association  for  the 
Advancement  of  Science,  in  1879. 
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bable  priuiary  source  of  the  force  appearing  iu  the  phenomena 
of  vitality.  To  the  gradual  manner  in  which  the  colloidal 
changes  take  place  (for  they  always  require  time  as  an  ele- 
ment) may  the  characteristic  protraction  of  chemico-organic 
changes  also  be  referred  "  *. 

Follo^-ing  Graham,  Herbert  Spencer  has  noted  that  pKa- 
bilit y,  elasticity,  the  power  of  absorbmg  water  with  change  of 
bulk,  and  the  phenomenon  of  osmosis,  the  whole  of  which  are 
well  designated  by  him  as  showing  sensitiveness  to  external 
agencies  which  are  mechanical  or  quasi  mechanical — are  pos- 
sessed in  common  by  mineral  colloids  and  by  organized  sub- 
stances. These  phenomena  are  examples  of  that  "  continuous 
adjustment  of  internal  relations  to  external  relations"  which 
characterizes  organic  lifef.  When  the  chemist  shall  have 
succeeded  by  his  spithesis  in  producing  a  colloidal  albuminoid 
having  the  same  chemical  constitution  as  protoplasm,  there  is, 
as  Barker  has  well  said,  reason  to  expect  that  it  will  exhibit  all 
the  phenomena  of  life  which  appear  in  the  protoplasmic  matter 
common  to  plants  and  animals. 

§  25.  Barker  has,  in  this  connexion,  asked  the  important 
question,  What  are  we  to  understand  by  organic  life,  and 
what  is  the  true  meaning  of  vital  as  applied  to  a  function  ?  % 
If,  with  him,  we  answer,  following  Kiiss,  "  Life  is  all  that 
cannot  be  ex|Dlained  by  dynamics  audchemism,"'  we  shall  find, 
restricting  our  inquiries  to  the  animal  economy,  that  a  large 
part  of  the  phenomena  commonly  called  vital,  and,  as  such, 
included  under  the  head  of  animal  physiology,  are  dynamic 
or  chemic.  The  law  of  the  conservation  of  energy  applies  as 
rioidly  to  a  livino-  animal  as  to  a  thermic  engine:  and  the 
amount  of  work  done  or  of  heat  evolved  is  measured  by  food 
consumed  in  the  former  as  it  is  by  the  fuel  burned  in  the  latter, 
the  energy  manifested  in  both  cases  being  dependent  on  the 
oxidation  of  carbon  and  hydrogen.  Recent  inquiries  go  far  to 
confirm  the  view  that  muscular  contraction  is  electrical,  and 
that  electrical  manifestation  iu  the  muscles  is,  as  in  our  ordi- 
nary batteries,  dependent  on  chemism.  The  tendency  of  late 
investigations  is  to  brino-  nervous  activitv  into  the  same  cate- 
gory;  and  the  electrical  nature  of  capillarity  has  been  shown 
by  Draper  and  by  Lippmanu.     The   animal  circulation  is  a 

*  Thomas  Graham,  '  Chemical  and  Physical  Researches,'  p.  554,  from 
Philosophical  Transactions  for  1861,  p.  183. 

t  Herbert  Spencer,  '  Principles  of  Biology,'  vol.  i.  part  1,  chapters  1 
and  2. 

X  George  F.  Barker,  Address  as  President  of  the  American  Association 
for  the  Advancement  of  Science,  Boston,  August  1880.  I  have  in  this 
paragraph  closely  followed  Professor  Barker's  ai'giunent. 
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mechanical  result  of  muscular  contraction;  the  aeration  and 
the  coagulation  of  the  blood,  and  the  process  of  digestion,  are 
chemical ;  while  absorption  finds  an  explanation  in  the  pheno- 
mena of  diffusion  and  osmosis. 

When  the  energy  which  is  in  matter  is  manifested  without 
reference  to  species,  we  call  it  simply  dynamics  ;  when  it 
results  in  the  production  of  mineral  species,  we  call  it  chemics, 
or  chemism  ;  and  when  it  gives  rise  to  organisms,  which  may 
be  defined  as  kinetic  individuals,  we  distinguish  it  as  vital,  or 
biotic.  In  matter  we  must  recognize  with  Tyndall,  "  the  pro- 
mise and  the  potency  of  all  terrestrial  life'^*. 

§  2t).  It  follows,  from  what  has  been  said,  that  the  word 
physiology,  as  popularly  limited  to  the  functions  of  living 
beings,  is  made  to  include  many  phenomena  which  are  not 
biotic,  but  are  common  to  the  organic  and  mineral  kingdoms, 
and  that  wo  need  some  further  definition  to  distinguish  those 
which  are  characteristic  of  organic  life.  I  therefore  venture 
to  designate  the  study  of  these  by  the  distinctive  name  of 
Biophysiology;  while  those  phenomena  which  are  recognized 
as  simply  dynamic,  or  dynamic  and  chemic,  whether  mani- 
fested in  organisms  or  in  mineral  species,  may  be  included 
under  the  name  of  Abiophysiology. 

General  physiology  comprehending  these  two  divisions,  will 
thus  be  restored  to  its  original  and  proper  signification,  as  an 
inquiry  into  the  reason  of  all  things  in  the  material  universe, 
and  as  distinguished  from  physiography,  whose  province  is 
the  description  of  universal  nature.  Scientific  precision 
demands  a  reform  in  our  terminology,  and  requires  us  to 
extend  the  name  of  physiology  once  more  to  the  processes  and 
the  activities  of  the  three  kingdoms  of  nature.  The  inorganic, 
not  less  than  the  organic,  world  has  its  physiology.  On 
the  other  hand,  the  study  of  mind  and  spirit  and  the  pheno- 
mena of  consciousness,  which  Locke  and  Thomas  Brown  in- 
cluded under  the  head  of  physic  and  physiology,  should  be 
relegated  to  the  domain  of  psychology. 

§  27.  The  kindred  term  physiography  is  now  correctly 
employed  in  a  general  sense,  with  a  meaning  coextensive  witli 
that  which  we  claim  for  physiology.  A  great  living  teacher, 
Prof.  Huxley,  has  given  us,  under  the  title  of  '  Physiography, 
an  Introduction  to  the  Study  of  Nature,'  an  elementary  trea- 
tise wherein,  after  descri])ing  the  rocks,  the  waters,  and  the 
atmosphere,  which  make  up  the  inorganic  portions  of  the 
earth,  he  proceeds  to  consider  the  growth  and  development  of 

*  Address  as  President  of  the  British  Association,  Belfast,  1874,  (Ap- 
pleton's  ed.)  p.  50. 
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plants  and  animals,  and  their  relations  to  each  other  and  to 
the  mineral  kingdom,  and  concludes  \\-ith  an  account  of  the 
astronomical  relations  of  our  planet  as  a  part  of  the  solar 
system. 

It  was  the  conception  of  the  essential  unity  of  nature,  with- 
out which  a  true  science  is  impossible,  which  inspired  Hum- 
boldt to  attempt,  in  his  Cosmos,  a  complete  physiography, 
which  was  to  be  "  a  physical  description  of  the  universe,  em- 
bracing all  created  things  in  the  regions  of  space  and  in  the 
earth."     Humboldt  elsewhere  speaks  of '"  the  idea  of  vitality 

so  intimately  associated  with  that  of  the  existence  of 

the  active,  ever  blending  natural  forces  which  animate  the  ter- 
restrial sphere,"  and,  recalling  the  fact  that  the  inorganic 
crust  of  the  earth  includes  the  same  chemical  elements  that 
enter  into  the  structure  of  animal  and  vegetable  organisms, 
adds  : — "  A  physical  cosmography  would  therefore  be  incom- 
plete if  it  were  to  omit  a  consideration  of  these  forces  (and  of 
the  substances  that  enter  into  solid  and  liquid  combinations  in 
organic  tissues  under  certain  conditions),  which,  from  our 
ignorance  of  their  actual  nature,  we  designate  by  the  vague 
term  of  vital  forces.  The  natural  tendency  of  the  human  mind 
involuntarily  prompts  us  to  follow  the  physical  phenomena  of 
the  earth  through  all  their  varied  series,  until  we  reach  the 
final  stage  of  the  morphological  evolution  of  vegetable  forms, 
and  the  self-determining  powers  of  motion  in  animal  orga- 
nisms"*. 

§  28.  The  necessary  complement  to  a  scientific  physiography 
is  thus,  as  Humboldt  has  here  pointed  out,  a  philosophy  of  the 
material  universe,  or,  in  other  words,  a  general  physiology. 
The  most  complete  attempt  at  thus  systematizing  nature  is 
that  of  Lorenz  Oken,  who  di-s-ided  all  philosophy  into  Pneu- 
matophilosophy  and  Physiophilosophy,  corresponding  respec- 
tively to  Spirit  and  to  Nature.  Physiophilosophy,  as  defined 
by  him,  is  the  science  of  the  conversion  of  spirit  into  nature, 
and  has  for  its  object  to  show  how,  and  in  accordance  with 
what  laws,  the  material  universe  has  been  formed  ;  to  portray 
the  first  periods  of  the  world's  development  from  naught  ;  to 
show  how  the  heavenly  bodies  and  the  chemical  elements  ori- 
ginated ;  in  what  manner,  by  self-evolution  into  higher  and 
manitbld  forms,  these  generated  mineral  species  became  at 
length  organic,  and  in  man  attained  to  self-consciousness. 

Physiophilosophy  is  therefore  the  generative  history  of  the 
world,  or,  in  other  words,  the  history  of  the  process  of  crea- 

*  Humboldt's  Cosmos,  Otte's  translatioD,  Harper's  edit.  1851,  author's 
preface,  p.  viii,  and  toI,  i.  pp.  339-341. 

Fhil.  May.  S.  5.  Vol.  12.  No.  lb.  Oct.  1881,  U 
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tion.  It  aims,  in  the  language  of  Stallo,  to  describe  "the 
genetic  evolution  of  the  material  world — therefore  also  its 
iirst  origin  in  naught,  and  its  subsequent  development  up  to 
its  limit,  man,  who  is  a  complex  of  all  preceding  forms,  in- 
cludes all  j)articular  developments,  and  is,  as  it  were,  the  focus 

where  all  the  various  tendencies  of  nature  converge In 

man  all  external  activities, all  divine  ideas  are  gathered;"  and 
thus  it  is  that,  in  the  words  of  the  poet,  he  is  enabled  "  to  think 
again  the  great  thought  of  the  creation  "*. 

§  29.  The  origin  of  matter  itself,  Hylogeny,  belongs  to 
Pneumatophilosoph}-.  The  genetic  process  in  the  primal  un- 
differentiated mattei-,  with  which  Physiophilosophy  first  con- 
cerns itself,  is  by  Oken  considered  under  the  two  heads  of 
Ontology  and  Biology.  The  successive  steps  in  the  ontolo- 
gical  process  are  : — first,  Cosmogony,  or  the  fashioning  of  the 
hea%enly  bodies  from  the  previously  formed  matter ;  followed 
by  the  genesis  therefrom  of  the  chemical  elements — 8toichio- 
geny.  These  elements  give  rise  to  mineral  species,  which 
together  make  up  the  earth — Geogeny.  Biology,  which  has 
for  its  object  the  study  of  the  organic  world,  is  by  Oken 
divided  into  Organogeny  with  its  subdivisions,  and  Phyto- 
sophy  and  Zoosophy,  treating  respectively  of  the  development 
of  plants  and  animals.  In  the  organism  we  have  a  "  combi- 
nation of  all  the  activities  uf  the  universe  in  a  single  indivi- 
dual body."  The  inorganic  and. tfe  organic  worlds  are  not 
only  in  harmony  with  each  other,  but  are  one  in  kind.  Man, 
in  whom  self-consciousness  or  spirit  manifests  itself,  repre- 
sents the  whole  universe  in  miniature  f. 

§  30.  The  Physiophilosophy  of  Oken,  of  which  we  have 
given  an  outline,  is  thus  identical  in  its  aim  and  its  plan  with 
the  earlier  attempts  of  the  Greek  philosophers  to  which  the 

*     "  Schon  ist,  Mutter  Natur,  deiner  Ertindung  Praclit 
Auf  die  Fluren  verstreut ;  schoner  ein  froli  Gesicht 
Das  den  grossen  Gedankeu 
Deiner  Scliopfimg  iioch  einmal  denkt." 

IvLOPSTOCK,  Ode;  Der  Ziirchersee. 

Compare  this  with  the  language  of  Schelling,  cited' by  Hegel :  "Ueber 
die  Natur  pliilosophiren  heisst  die  Natur  schatfen.'' 

t  Lorenz  Oken,  '  Physiophilosophy,'  Introduction,  pp.  1-3,  of  Talk's 
translation,  publis^hed  by  the  Ray  Society,  London,  L^47.  See  also  an 
excellent  analysis  of  the  system  "by  J.  B.  Stallo,  in  liis  'Philosophy  of 
Nature  I  (Boston,  lft48),  pp.  221-380,  from  which  we  have  quoted  above. 
Errors  in  detail,  and  defects  and  obscurities,  are  to  be  found  in  the  systt>ni 
of  Oken,  w  hich  even  novices  in  science  can  today  point  out  and  criticise ; 
but  it  prust  not  be  forgotten  that  his  Pliysiophilosophy  has  been  a  most 
potent  influence  in  shaping  and  directing  the  scientific  thought  of  the  last 
two  generations.  Oken  has  been  tlie  inspirer  and  the  teacher  of  the 
teachers  of  science. 
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name  of  physiology  was  given;  and  the  two  terms  are  in  fact 
synonymous.  The  study  of  nature,  as  has  been  shown,  divides 
itself  into  physiography  and  physiology;  and  this  division 
applies  equally  to  each  one  of  the  three  great  kingdoms  of 
nature.  Thus,  for  example,  Physiographical  Botany  studies 
the  relations  of  plants  to  each  other  as  members  of  the  vege- 
table kingdom,  and  investigates  their  external  forms  and 
relationships,  by  which  we  arrive  at  Systematic  and  Descrip- 
tive Botany  Avith  its  classification  and  terminology.  These 
together  give  us  Botany  as  a  great  division  of  Natural  His- 
tory. Physiological  Botany,  on  the  other  hand,  considers  the 
individual  plant  in  itself,  as  seen  in  its  structure,  growth,  and 
development,  and  in  its  relations  to  the  other  kingdoms  of 
nature.  It  is  properly  divided  into  Structural  Botany  (which 
investigates  the  anatomy,  organography,  and  morphology  of 
the  plant),  and  Vegetable  Physiology  (which  studies  the  func- 
tions of  the  vegetable  organism,  its  growth,  nutrition,  and 
decay,  and  the  interdependence  of  the  vegetable,  animal,  and 
mineral  kingdoms)*.  The  same  distinctions  and  definitions 
will  apply,  mutatis  mutandis,  to  Physiographical  and  Physio- 
logical Zoology. 

§  31.  The  vastness  and  the  complexity  of  the  inorganic  as 
compared  with  the  organic  world  of  nature,  makes  it  difficult 
to  grasp  at  once  a  conception  of  the  true  relations  of  Mine- 
ralogy, which  comprehends  the  study  of  all  fonns  of  unor- 
ganized matterf.  Physiographical  Mineralogy,  in  its  widest 
sense,  has  thus  for  its  object  not  only  this  earth,  but  all  other 
matter  in  space,  and  includes,  so  far  as  our  planet  is  concerned. 
Geognosy  and  Petrography,  besides  Systematic  and  Descrip- 
tive Mineralogy  as  generally  understood. 

§  32.  In  the  study  of  Mineralogy  in  its  physiological  aspect, 
we  have  to  consider  the  various  conditions  of  mineral  matter, 
distinguished  as  gaseous,  liquid,  or  solid,  as  amorphous, 
crystallized  in  diffei'ent  geometric  forms,  or  colloidal.  These 
unlike  conditions  of  matter,  and  their  different  relations  to 
gravity,  pressure,  temperature,  sound,  radiant  energy,  elec- 
tricity, and  magnetism,  the  phenomena  of  capillarity,  and  of 
the  occlusion,  difiusion,  and  transpiration  of  gases  and  liquids, 
indicate  structural,  or,  as  we  sometimes  term  them,  molecular 
dift'erences  in  mineral  species,  which  make  up  what  we  must 
include  under  the  title  of  Structural  Mineralogy. 

The  changes  of  mineral  species  from  one  condition  to 
another,  and  their  transformations  under  the    influences   of 

*  See  Asa  Gray, '  Structural  and  Systematic  Botany,'  Introduction, 
t  See  the   author,  ou  '•'  the   Objects   and   Methods   of  Mineralogy," 
Chemical  and  Geological  Essays,  p.  453. 
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the  agencies  already  noticed,  including  the  phenomena  of 
chemisni  which  give  rise  to  new  species,  make  up  together 
the  dynamic  and  chomic  activities  of  matter,  which  constitute 
the  secular  life  of  the  planet.  They  are  the  geogenic  agencies 
which,  in  the  course  of  ages,  have  moulded  the  mineral  mass 
of  the  earth,  and  from  primeval  chaos  have  evolved  its  pre- 
sent order,  formed  its  various  rocks,  filled  the  veins  in  its 
crust  with  metals,  ores,  gems,  and  spars,  and  determined  the 
composition  of  its  waters  and  its  atmos})here.  They  still  re- 
gulate alike  the  terrestrial,  the  oceanic,  and  the  aerial  circu- 
lation, and  preside  over  the  constant  change  and  decay  by 
which  the  face  of  the  earth  is  incessantly  renewed,  and  the 
conditions  necessary  to  organic  life  are  maintained.  To  the 
study  of  these  processes  we  may,  with  propriety,  apply  the 
name  of  Mineral  Physiology  *. 

Appendix. 
The  doctrine  of  universal  animation,  or  of  an  energy  in- 
hering in  all  matter,  and  that  of  the  essential  unity  of  all 
manifestations  of  material  energy,  whether  in  dynamic, 
chemic,  or  biotic  phenomena,  both  of  which  we  have  main- 
tained in  the  preceding  pages,  and  especially  in  §  20,  were 
held  l)y  Sir  Isaac  Newton,  who  ascribed  such  phenomena  to 
the  force  of  an  immanent  spirit.  In  the  General  Scholium 
which  closes  the  third  volume  of  the  Principia,  following  his 
magnificent  profession  of  Theism,  he  asserts  the  existence  of 
a  "  most  subtile  spirit,  pervading  and  latent  in  gross  bodies," 
which  spirit,  by  its  force  and  activity,  is  the  cause  of  gravita- 
tion, of  cohesion  (and  consecjuently  of  chemism,  which  he 
elsewhei'e  refers  to  peculiar  aggregations  of  particles),  of 
electrical  attraction  and  repulsion,  of  the  phenomena  of  light 
and  of  heat,  and,  finally,  of  all  sensation,  and  of  the  power  of 
motion  in  animal  bodiesf. 

*  I  have  elsewhere  uiado  use  of  this  leiui  iu  speakiug  of  the  pheuo- 
mena  connected  with  the  decay  aud  transformations  of  silicated  rocks,  as 
belongiug  to  •'  the  domain  of  what  I  venture  to  call  mineral  physiology  " 
(Canadian  Naturalist,  1880,  new  series,  vol.  ix.  p.  435). 

t  '"Adjicero  jam  liceret  normuUa  de  spiritu  quodam  subtLUssimo  cor- 
pora crassa  pervadente,  et  in  iisdem  latente  ;  cujus  vi  et  actiouibus  parti- 
cula)  corporum  ad  minimas  distautias  se  mutuo  attvahunt,  et  contiguse 
factaj  coha^reut :  et  corpora  electrica  agnut  ad  distantias  majores,  tarn 
repellendo  quaui  attraheudo  corpuscula  viciua  j  et  lux  emittitur,  reflecti- 
tm-,  refringitm-,  mllectitur,  et  corpora  calefacit;  et  sensatio  omuis  excita- 
lur,  et  membra  animalium  ad  vokmtatem  moventur,  vibratiouibus  scili- 
cet hujus  spiritus  per  solida  nervorum  capillamenta  ab  exteruis  sensuum 
organis  ad  cerebrum  et  a  cerebro  in  mxisculos  propagatis." — Princip. 
Math.  lib.  iii.  Scholium  Generale. 

The  .^ame  doctrine  i.-  enunciated,  though  in  a  less  precise  form,  in  1675. 
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XXXI.  Molecular  Attraction.  By  Fredeeick  D.  Brown, 
B.Sc,  Demonstrator  of  Chemistry  in  the  University  Museum^ 
Oxford"". 

AMONG  those  who  are  interested  in  chemical  science,  and 
especially  those  who  are  engaged  in  an  attempt  to 
advance  that  science  by  experimental  work,  there  must  be 
many  who  feel  that,  notwithstanding  the  immense  number  of 
new  facts  brought  forward  during  recent  years,  comparatively 
little  real  progress  has  been  made.  Since  1857,  when  Kekule 
first  published  his  views  concerning  the  internal  construction 
of  the  molecules,  chemists  have  been  mainly  occupied  in  ap- 
plying his  ideas  to  a  multitude  of  carbon  compounds.  This 
work,  although  of  the  greatest  importance,  has  led  us  perhaps 
too  much  into  questions  of  detail,  and  has  turned  away  our 
attention  from  the  other  great  problems  which  were  of  so 
much  interest  to  our  predecessors.  The  chemical  literature 
of  the  past  decade  is  replete  with  information  concerning 
the  reactions  undergone  by  complicated  organic  substances  ; 
but  it  rarely  tries  to  tell  us  how  and  why  these  reactions  take 
place.  We  diligently  gather  stores  of  stones  for  our  building ; 
and,  this  done,  we  are  too  often  content  to  stand  listlessly 
round  the  heaps  waiting  for  the  builder,  and  leaving  even  the 
work  of  the  stonemason  to  the  chances  of  the  future.  If, 
under  these  circumstances,  any  one  tries,  in  however  feeble  a 
fashion,  to  arrange  a  few  of  the  stones  together,  the  work  will 

in  Newton's  famous  Hypothesis  touching  his  Theory  of  Light  and  Colour, 
in  his  subsequent  letter  to  Boyle  in  1679,  and  also*  in  the  Queries  18-24 
appended  to  Book  III.  of  his  '  Optics,'  in  all  of  which  the  various  pheno- 
mena are  ascribed  to  a  supposed  aetherial  medium.  From  various  consi- 
derations it  appears  probable  that  these  Queries,  though  first  published 
in  1717,  were  indited  before  the  Principia,  which  was  written  in  1686- 
86,  and  published  in  1687 ;  while  the  General  Scholium  itself  did  not 
appear  till  the  second  edition  of  the  Principia,  in  1 713. 

In  this  connexion  it  may  be  noticed  that  the  uncertain  and  obscure 
utterances  formd  both  in  Newton's  essay  of  1675  and  in  the  Queries  to 
the  '  Optics,'  with  regard  to  exhalations  from  the  sun  and  other  celestial 
bodies,  were,  after  his  studies  of  the  comet  of  1680,  exchanged  for  the 
clearly-defined  opinions  in  Propositions  41  and  42  of  the  third  book  of 
the  Principia.  In  these  it  is  maintained  that  the  exhalations  alike  from 
the  sun,  the  fixed  stars,  and  the  tails  of  comets,  are  not  only  diffused 
throughout  all  space,  and  finally  reacli  the  atmospheres  of  the  planets, 
but  ithat  the  matters  thus  conveyed  are  necessary  for  the  maintenance 
of  vegetable  life,  and  contribute  to  the  .^olid  mass  of  the  earth.  These 
views  were  a  remarkable  anticipation  of  some  of  the  conclusions  announced 
by  the  present  writer  in  1878,  and  later  in  1880,  in  an  essay  "  on  the 
Chemical  and  Geological  Kelations  of  the  Atmosphere,"  foi-^  which  see 
the  '  American  Journal  of  Science  '  for  May  1880. 

*  Communicated  by  the  Author, 
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at  any  rato  be  valuable  in  so  far  as  the  attention  of  others 
will  be  drawn  to  the  possiinlity  of  the  task  ;  though  the  struc- 
ture erected  be  soon  thrown  down,  it  will  have  set  an  example 
which  may  lead  to  other  and  more  durable  buildings. 

Animated  by  these  ideas,  I  venture  to  bring  forward  a  small 
attempt  to  link  together  some  of  the  properties  of  chemical 
substances,  and  to  bring  them  under  the  general  theories 
which  we  owe  to  Dalton,  to  Avogadio,  and  to  Kekule.  All 
chemical  hypotheses  founded  on  the  atomic  theory  must  ulti- 
mately refer  either  to  the  form  and  structure  of  the  atoms 
and  molecules,  or  to  the  movements  executed  and  the  forces 
<»xerted  by  them.  It  is  with  the  latter  that  we  are  now  more 
immediately  concerned  ;  but  we  must  first  define  exactly  our 
notions  of  the  former. 

We  all  recognize  that  chemical  substances  are  composed  of 
molecules,  and  that  these,  in  their  turn,  are  built  up  of  atoms; 
but  if  we  step  beyond  this  general  statement,  the  same  una- 
nimity no  longer  prevails.  With  regard  to  the  structure  of 
the  molecules,  there  seems  to  be  an  unwillingness  to  believe 
that  the  atoms  are  really  arranged  in  the  molecule  in  the 
manner  indicated  by  our  ordinary  formulje ;  3-et  it  seems  im- 
possible to  form  any  other  conception  concerning  them  tlian 
this  purely  concrete  one.  If  an  atom  is  combined  directly 
with  another,  it  must  surely  be  contiguous  to  that  other ;  and 
if  several  atoms  are  combined  with  one,  they  must,  I  imagine, 
be  ranged  round  that  one.  Again,  if  a  group  of  atoms  passes 
unaltered  through  several  reactions  while  the  other  portions  of 
the  molecule  are  replaced  or  broken  up,  it  seems  but  reason- 
able to  suppose  that  the  atoms  forming  such  a  group  are 
actually  placed  together  in  space.  When,  further,  we  learn 
from  the  researches  of  Captain  Abney  and  of  Dr.  Russell 
that  the  existence  of  such  groups  of  atoms  is  registered  in  the 
absorption-spectra  of  the  compounds,  that  we  can,  as  it  were, 
see  them  in  the  molecule,  we  shall  not  take  up  an  unsafe  posi- 
tion if  we  assume  that  the  ordinary  formulae  indicate  real  place 
in  the  molecule.  While  making  this  assumption,  I  do  not 
wish  for  a  momont  to  imply  that  the  atoms  are  arranged  in 
that  particular  foi'm  which  we  are  accustomed  to  give  to  our 
graphic  formula},  but  merely  to  assert  that  the  connecting- 
link  of  the  formula  indicates  juxtaposition  of  the  correspond- 
ing atoms. 

It  is  now  known  with  certainty  that  the  molecular  volumes 
of  substances  are  but  slightly  altered  by  combination — that 
is  to  say,  th;it  under  comparable  conditions  an  atom  of 
any  substance  generally  occupies  about  the  same  space,  with 
whatever  atoms,  similar  or  dissimilar,  it  may  be   combined. 
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This  fact  seems  to  me  to  point  to  the  conclusion  that  the  atoms 
which  make  up  a  molecule  are  as  close  together  as  their  periodic 
motions  will  permit,  and  are  not  merely  held  in  certain  posi- 
tions of  equilibrium  by  various  opposing  forces  ;  for  if  the 
latter  supposition  were  true,  I  fail  to  see  how  it  would  be  pos- 
sible for  the  same  atom,  together  with  its  proportion  of  space, 
to  have  always  the  same  volume,  surrounded,  as  it  is,  some- 
times by  atoms  by  which  it  is  strongly  attracted,  and  by  which 
therefore  its  volume  would  be  diminished,  sometimes  by  atoms 
with  which  it  has  but  little  affinity,  and  which,  therefore, 
would  leave  it  plenty  of  room  in  which  to  execute  its  vibra- 
tions. The  proximity  of  the  several  molecules  in  the  liquid 
and  solid  states  must  also  be  assumed,  in  order  to  account 
for  the  invariability  of  molecular  volumes. 

The  assumptions  contained  in  the  preceding  paragraphs  are 
in  no  way  opposed  to  the  views  generally  held  concerning 
molecular  and  atomic  motion  which  we  owe  to  the  develop- 
ment of  the  science  of  heat.  They  merely  state  that  there  is 
no  force  of  repulsion  exerted  between  contiguous  atoms,  and 
that  the  vibratory  or  other  movements  alone  prevent  their 
absolute  contact. 

Having  thus  fixed  our  ideas  concerning  the  structure  of 
molecules,  we  may  pass  to  the  forces  exerted  between  them, 
neglecting  the  repulsion  sometimes  assumed,  but  which  seems 
to  be  wholly  unnecessary. 

The  theory  of  universal  gravitation,  as  I  understand  it,  asserts 
that  the  mutual  attraction  exerted  by  any  two  bodies  A  and 
B  is  dependent  only  on  their  respectis-e  masses  and  on  the 
distance  between  them,  being  entirely  uninfluenced  by  the 
presence  of  other  bodies  even  in  the  immediate  neighbourhood 
of  A  or  B.  Thus  at  a  given  moment  the  Earth  and  Venus, 
being  in  certain  definite  positions,  exert  upon  each  other  a 
certain  force  of  attraction  ;  the  attraction  thus  taking  place 
between  the  masses  of  the  two  planets  would  be  unaltered  b}^ 
the  removal  of  the  moon  from  the  sphere  of  action ;  the  gra- 
vitation of  the  earth  and  the  moon  does  not  therefore  tie  up 
any  portion  of  the  attractive  energy  of  the  earth,  and  so  dimi- 
nish the  force  Avith  which  other  bodies  gravitate  towards  it. 

A  totally  different  assumption  is  usually  made  with  regard 
to  that  form  of  attraction  which  gives  rise  to  chemical  pheno- 
mena. Here  it  is  supposed  that  two  or  more  atoms,  having 
combined  together,  ha-\'e  thereby  become  incapable,  at  any 
rate  in  the  majority  of  cases,  of  attracting  others  to  any  appre- 
ciable extent.  Thus  I  imagine  that  most  chemists  hold  the 
view  that  when  hydrogen  and  oxygen  combine  together  to 
form  water,  they  thereby  exhaust,  or  nearly  exhaust,  their  com- 
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bining-powcr,  that  the  power  of  attraction  residing  in  the 
oxygen  atoms  is  all  concentrated  npon  tlie  hydrogen  atoms,  just 
as  we  might  concei\e  all  the  attractive  power  of  the  earth 
concentrated  on  the  moon,  thus  leaving  all  other  bodies  in  its 
neighbourhood  free  from  the  influence  of  gravity.  We  thus 
invest  matter  with  two  separate  forms  of  attraction,  differ- 
ing entirely  in  their  mode  of  action,  and  having  indeed  nothing 
in  common. 

Altliough  there  is  no  inconsistency  in  this,  yet  it  would 
seem  to  be  simpler  to  assimilate  to  a  certain  extent  chemical 
attraction  and  gravitation.  Let  us  suppose,  then,  that  the  act 
of  chemical  combination  in  no  wise  alters  the  power  of  attrac- 
tion which  the  combining  atoms  exert  upon  surrounding 
bodies,  and  let  us  see  what  effect  this  hypothesis  has  upon  the 
explanation  of  various  phenomena. 

That  this  assumption  is  not  purely  arbitrary  is  proved  by 
the  mere  occurrence  of  any  and  every  chemical  reaction  ;  for 
it  is  evident  that  no  such  reaction  could  take  place  unless  the 
force  of  chemical  afKnity  were  exerted  between  atoms  which 
are  still  held  in  combination  in  different  molecules.  Take, 
for  example,  any  simple  reaction,  such  as  the  neutralization  of 
caustic  soda  by  hydrochloric  acid :  when  the  molecules  of  sodium 
hydrate  are  brought  into  proximity  with  those  of  the  acid, 
some  of  the  atoms  are  interchanged,  and  molecules  of  water 
and  of  sodium  chloride  result.  Now  this  can  only  take  place 
in  two  ways:  in  the  one  we  may  imagine  a  constant  sponta- 
neous decomposition  and  recomposition  of  the  several  mole- 
cules to  take  place,  so  that  there  are  in  the  alkaline  liquid  a 
considerable  number  of  free  atoms  ready  to  act  on  other  free 
atoms  in  the  acid  liquid ;  in  the  other  we  must  allow  that  the 
force  of  aflSnity  inherent  in  the  chlorine  atoms  stretches 
across,  as  it  were,  to  the  sodium  atoms  in  the  sodium  hydrate. 
Of  the  constant  decomposition  and  recomposition  necessitated 
by  the  first  process  of  reaction,  we  have,  at  any  rate  in  the 
majority  of  cases,  no  evidence  whatever;  on  the  contrary, the 
agreement  of  the  observed  vapour-densities  of  substances  with 
those  required  by  Avogadro's  law  renders  such  molecular  in- 
stability extremely  improbable ;  we  are  therefore  driven  to 
allow  that  affinity  does  act  from  molecule  to  molecule. 

The  hypothesis  above  indicated  enables  us  to  explain  to  a 
certain  extent  the  relative  volatility  of  substances,  and  goes 
far  to  render  a  satisfactory  account  of  molecular  compounds. 
We  all,  I  presume,  look  upon  the  maximum  vapour-tension 
of  a  substance  at  a  gi^  en  temperature  as  affording,  to  a  certain 
extent,  a  means  of  estimating  the  attraction  which  its  mole- 
cules exert  among  themselves:  if  there  is  considerable  attrac- 
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tion,  there  "will  be  a  low  vapour-tension;  and  with  little  attrac- 
tion there  will  be  a  low  boiling-point.  It  follows  from  this 
that  the  attraction  between  the  molecules  of  hydrogen  is  rela- 
tively extremely  small ;  that  in  the  case  of  oxygen  and  nitrogen 
it  is  also  very  small,  though  probably  much  larger  than  in  the 
former  case  :  the  attraction  mutually  exerted  by  molecules  of 
chlorine  will  be  more  considerable  ;  while  with  bromine,  iodine, 
and  other  liquid  and  solid  elements  it  will  be  greater  still.  We 
must  not,  however,  confound  the  attraction  exerted  between 
atoms  of  a  substance  with  that  between  the  molecules  ;  for 
each  atom  attracts  separately  those  of  the  contiguous  mole- 
cule, so  that  the  attraction  between  two  molecules  of  bromine, 
for  example,  will  be  four  times  as  great  as  between  two  atoms; 
and  generally  when  the  molecule  of  a  substance  contains  n 
atoms,  the  attraction  between  two  molecules  will  be  approxi- 
mately ir  times  that  between  two  atoms.  This  is  of  course 
even  approximately  true  only  when  the  distance  between  the 
two  molecules  is  great  relatively  to  their  size  ;  when  the  two 
molecules  are  close  together,  the  several  interatomic  attractions 
will  be  exercised  over  very  different  distances,  and  will  there- 
fore be  very  unequal  in  amount.  Xevertheless  the  above 
remark  enables  us  to  see  that  in  some  cases  the  apparent 
attraction,  as  estimated  by  the  boiling-point,  may  be  very 
misleading.  In  sulphur,  for  example,  of  which  the  molecule 
in  the  solid  and  liquid  states  is  probably  somewhat  complex, 
we  have  a  substance  of  high  boiling-point,  though  the  mutual 
attraction  of  the  atoms  may  be  comparatively  small.  The  same 
is  the  case  with  carbon  and  many  other  substances. 

Applying  now  the  above  considerations  to  a  few  actual  cases, 
we  shall  see  that  the  relative  volatility  of  ditierent  substances 
is  generally  satisfactorily  explained.  Let  us  designate  by 
(Ji  h)  the  attraction  at  unit-distance  between  two  atoms  of 
hydrogen,  by  {oo^  the  attraction  between  two  atoms  of  oxygen, 
and  generally  by  (r  s^  the  attraction  at  unit-distance  between 
any  two  atoms  R  and  S.  Then,  in  the  case  of  water,  the  mole- 
cular attraction  will  be  represented  by 

4A(/;/0  +  4B(Ao)  +  C(oo), 

where  A,  B,  and  C  are  factors  dependent  on  the  distances 
which  separate  the  atoms.  Now  we  have  seen  that  {]i  h)  and 
(oo)  probably  have  small  values;  but(/io)  is  not  small:  hence 
the  attraction  between  molecules  of  water  should  be  far  oreater 
than  that  between  molecules  of  oxygen,  and  the  boiling-point 
much  higher,  a  result  which  is  in  accord  with  fact.  The 
boiling-point  of  water  would  probably  be  much  higher  than  it 
is  were  it  not  that  the  attractions  between  H  and  0  are  exerted 
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over  comparatively  large  distances,  owing  to  the  hydrogen  of 
one  molecule  shielding  its  companion  oxygen  from  ihe  approach 
of  other  hydrogen.  In  the  similarly  constituted  body,  HjS, 
the  value  of  the  molecular  attraction  will  be 

in  which  expression  Aj,  B^,  and  Ci  may  be  supposed  to  have 
values  not  differing  excessively  from  those  which  hold  good 
in  the  case  of  water  (the  sulphuretted  hydrogen  being  supposed 
liquid). 

We  have  seen  that  the  value  {s  s)  may  possibly  be  small; 
and  as  the  attraction  is  exerted  between  atoms  which  cannot 
approach  each  other  very  closely,  Ci  is  certainly  small :  hence 
this  term  will  not  probably  much  increase  the  molecular 
attraction.  The  first  term  will  remain  much  the  same  as  in 
the  case  of  water;  but  the  second  term  Avill  have  a  much  dimi- 
nished value  on  account  of  the  feeble  affinity  of  hydrogen  for 
sulphur:  the  whole  value  of  the  molecular  attraction  will  there- 
fore be  much  smaller  than  in  the  case  of  water;  and  we  should 
expect  sulphuretted  hydrogen  to  be  much  more  volatile  than 
water,  which  is  actually  the  case.  With  carbon  dioxide  it 
would  seem,  at  first  sight,  that  we  have  a  substance  which 
should  be  less  volatile  than  water  ;  for  the  heat  evolved  in 
burning  carbon  is  greater  than  that  given  out  by  the  combus- 
tion of  hydrogen;  (co)  therefore  is  probably  greater  than 
{ho);  and  as  {c  c)  is  greater  than  (oo),  and  (o  o)  than  (hli), 
the  whole  value 

4A2  (o  0)  +  4B2(c  0)  +  62(0  c) 

would  appear  to  be  greater  than  the  corresponding  value  for 
water.  The  researches  of  Kopp  and,  more  recently,  of  Prof. 
Thorpe  have,  however,  shown  that  the  atom  of  hydrogen 
always  occupies  about  the  same  volume,  and  that,  if  we  take 
this  volume  as  the  unit,  the  atom  of  carbon  occupies  a  volume 
2,  Avhile  one  of  oxygen,  Avhen  combined  with  only  one  atom 
of  carbon,  occupies  a  volume  2"22.  From  these  numbers  we 
learn  that  two  contiguous  molecules  of  CO2  must  have  their 
respective  atoms  of  carbon  more  distant  than  the  atoms  of 
oxygen  in  two  contiguous  molecules  of  water;  for  the  oxygen 
in  the  one  case  occupies  a  far  larger  volume  than  the  hydrogen 
in  the  other:  hence  also  the  important  attraction  (t'o)  is  exerted 
over  a  much  greater  distance,  a  distance  which  is  increased  by 
the  larger  volume  of  the  atom  of  carbon  itself.  The  second  and 
third  terms  of  the  above  quantity  are  therefore  greatly  dimi- 
nished, and  the  whole  value  may  well  be  less  than  in  the 
case  of  water. 
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In  applying  these  arguments  vre  must  remember  that  the 
molecules  are  in  constant  motion  about  their  centres  of  gra- 
vity. In  the  case  of  COg,  for  example,  the  direction  of  the 
line  joining  the  centres  of  the  carbon  atom  and  one  of  the 
oxygen  atoms  varies  continuously;  hence  the  molecule  of 
C62,  as  regards  the  action  on  other  molecules,  maybe  regarded 
as  practically  in  the  condition  of  a  centre  of  carbon  surrounded 
by  a  shell  of  oxygen. 

Among  inorganic  substances  there  are  but  few  which  take 
the  form  of  volatile  liquids,  and  these  are  mostly  isolated  in- 
stances ill-suited  for  comparisons  of  this  kind.  It  is  therefore 
to  the  homologues  and  isomers  of  organic  chemistry  that  we 
must  chiefly  look  for  a  confirmation  of  these  views.  In  the 
alcohols  of  the  ethyl  series,  for  example,  the  lai'ger  the  mole- 
cules the  greater  must  be  the  attraction  between  them,  and 
consequently  the  higher  the  boiling-point;  this,  as  is  well 
known,  is  in  accordance  with  fact.  In  the  case  of  isomeric 
alcohols,  the  influence  of  the  position  of  the  atoms  comes  con- 
spicuously to  the  fore.  It  is  clear  that  if  the  atoms  of  carbon 
of  two  different  molecules  cannot  approach  each  other  so  nearly 
in  the  case  of  one  isomer  as  in  another,  the  attraction  between 
the  molecules  will  be  less,  and  the  boiling-point  consequently 
lower.  Now  in  secondary  and  tertiary  alcohols  the  carbon 
atoms  are  more  sheltered  by  each  other,  are,  as  it  were,  more 
removed  from  the  exterior  of  the  molecule  than  in  primary 
alcohols;  at  the  same  time  the  boiling-points  are  lower,  which 
is  in  accordance  with  our  hypothesis. 

If  we  replace  two  atoms  of  hydrogen  in  an  alcohol  by 
one  of  oxygen,  we  increase  the  attraction  of  the  molecules,  since 
we  substitute  a  certain  number  of  attractions  (A  0)  and  (c  0) 
for  the  relatively  small  attractions  (h  h)  and  (c  h) :  the  increase 
of  boiling-point  which  we  should  expect  is  confirmed  by  expe- 
riment. 

If,  on  the  other  hand,  we  replace  the  hydroxylic  hydrogen 
of  an  acid  by  methyl  or  ethyl,  we  lower  the  boiling-point, 
although  we  increase  the  number  of  attractions  exercised 
between  the  molecules.  But  Ave  must  remember  that  by  this 
substitution  we  combine  a  considerable  number  of  atoms  with 
that  carbon  to  which  is  annexed  the  oxygen  of  the  molecule, 
thus  causing  a  more  even  balance  of  the  molecule  about  that 
carbon,  and  throAving  it  therefore  more  into  the  centre  of  the 
system.  The  attraction  (h  0)  to  which  the  total  molecular 
attraction  is  so  largely  due  will  therefore  be  exerted  over 
greatly  increased  distances,  and  the  boiling-point  will  be  to  a 
like  extent  diminished.  That  this  argument  is  founded  on 
fact  is,  I  think,  shoAvn  by  a  host  of  other  instances:  thus, 
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ethvl-niethyl  ether,  CH3— 0— C2H5,  boils  at  11°:  but  ethyl 
alcohol,  H — 0 — Co  H5,  boils  at  78°;  in  this  latter  substance 
the  oxygen  is  partly  exposed  by  the  substitution  of  H  for 
CHa.  Again,  in  ethyl  butyrate,  Cg  H.,— 0— CO— OH2— Cg  H5, 
and  in  propyl  propionate,  Cj  Hr, — CHg — 0 — CO — C2  H5,  it  is 
evident  that  the  oxygen  atoms  occupy  in  each  case  an  equally 
central  position,  while  the  total  number  of  atoms  is  the  same. 
We  might  therefore  expect  that  the  boiling-points  of  the  two 
substances  would  not  be  far  apart.  Experiment  shows  that 
the  boiling-point  of  the  butyrate  is  121°,  that  of  the  propio- 
nate 122°.  In  the  isomeric  substance  butyl  acetate  the  oxygen 
atoms  are  no  longer  so  central,  and  the  boiling-point  rises  to 
124°"3;  while  in  yaleric  acid,  in  which  the  oxygen  atoms  may 
be  yiewed  as  occupying  an  outside  place  in  the  molecule,  the 
boiling-point  rises  above  180°.  As  another  example  of  the 
reduction  of  the  total  molecular  attraction  when  the  oxygen 
occupies  a  central  and  sheltered  position,  we  may  take  ether, 
C2  Hg — 0 — C2  H5,  boiling  at  35°.  If  it  be  true  that  in  this  case 
the  attractions  (/t  0)  are  greatly  diminished  by  the  distance  over 
which  they  are  exerted,  it  is  clear  that  for  0  we  may,  without 
much  general  effect,  substitute  CH2  or  some  other  group 
of  atoms  of  similar  weight:  this  substitution  produces  pentane; 
and  we  find  that  this  is  a  body  having  a  boiling-point  differing 
but  little  from  that  of  ether.  Many  other  examples  might  be 
brought  forward,  were  it  not  that  their  discussion  would  tran- 
scend the  limits  of  this  paper. 

The  use  of  the  above  hypothesis  renders  it  difficult,  at  first 
sight,  to  account  for  the  formation  of  definite  chemical  com- 
pounds. It  seems  that  if  any  number  of  atoms  of  hydrogen 
are  equally  attracted  by  one  of  chlorine,  the  combination  of 
one  of  them  with  that  atom  would  not  prevent  the  adherence  of 
a  second  and  a  third  forming  H2  CI,  H3  CI,  &c.  This  difficult}.' 
is  avoided  by  supposing  that  the  chlorine  atom  is  of  such  a 
form  that  only  one  atom  of  hydrogen  can  approach  sufficiently 
closely  to  adhere  permanently:  such  forms  are  difficult  to 
imagine,  though  it  may  be  remarked  that  an  atom  in  the  form 
of  a  ring  offers  in  a  certain  sense  a  unique  position  to  another 
which  instals  itself  inside  it.  The  existence  of  molecular  com- 
pounds proves  that  the  permanent  adherence  of  other  atoms  is 
sometimes  possible,  and  thus  affords  material  sup])ort  to  the 
notion  that  the  chemical  affinity  of  an  atom  is  not  only  exerted 
upon  those  atoms  with  Avhich  it  is  combined,  but  upon  all  others 
in  its  vicinity. 


[     ^61     ] 

XXXII.    Oil  the  Dynamical  Theory  of  Radiation. 
By  Arthur  Schuster,  Ph.D.,  F.R.S.* 

IF  Ave  attempt  to  draw  up  a  summary  of  our  knowledge  on 
the  radiation  of  heat  and  light,  we  shall  find  that  it  has 
been  derived  from  two  distinct  lines  of  investigation.     The 
iirst  of  these,  originated  by  Prevost  of  Geneva,  has  been  fol- 
lowed up  by  Balfour  Stewart  and  Kirchhoff.     It  is  founded 
on  the  experimental  fact  that  bodies  placed  in  an  enclosure  of 
uniform  temperature   will  ultimately  assume  that  tempera- 
ture, and  on  a  law  called,  after  its  inventor,  Prevost's  law. 
The  characteristic  distinction  of  this  line  of  investigation,  as 
opposed  to  the  second  one,  presently  to  be  noticed,  consists  in 
the  fact  that  it  makes  no  assumption  whatever  on  the  nature 
of  radiation.    Whether  the  constitution  of  the  body  be  mole- 
cular or  not,  it  claims  to  found  some  important  laws,   laws 
which  have  a  wide  practical  application,  on  experimental  facts 
simply,  and  one  or  two  assumptions  against  which  no  serious 
objections  have  as  yet  been  urged.     The  second  line  of  inves- 
tigation to  which  I  have  referred  starts  from  the  assumption 
of  the  existence  of  atoms  and  molecules.     It  tries  to   form 
ideas,  more  or  less  hypothetical  as  they  are  more   or  less 
distinct,  on  the  nature  of  these  molecules,  and  endeavours  to 
fit  the  observed  phenomena  of  nature  into  the  results  of  an 
almost  pure  deductive  reasoning.     The  first  method  may  be 
considered  more  satisfactory  and  philosophical ;  but  the  second 
is  more  productive,  and  any  further  advances  which  the  science 
of  radiation  may  be  expected  to  make  must  be  derived  from 
the  dynamical  considerations   on   which  it  is   founded.     At 
present   it   may  be   useful  to  compare    the    results    already- 
obtained  with  observed  facts,  and  to  point  out  where  a  further 
examination  of  the  assumptions  which  had  to  be  made  seems 
necessary. 

In  the  first  place,  it  is  to  be  remarked  that  nearly  all  the 
investigations  confine  themselves  to  the  consideration  of  an 
enclosure  of  uniform  temperature — that  is,  to  the  state  of  the 
body  in  Avhich  it  neither  gains  nor  loses  heat.  It  is  hardly 
necessary  to  remark  that  no  observations  can  be  carried  on  in 
such  an  enclosure.  If,  at  the  ordinary  atmospheric  tempera- 
ture, we  shut  all  windows  and  doors  so  as  to  keep  out  all  radia- 
tions which  might  directly  or  indirectly  reach  us  from  our 
luminary,  observations  on  radiation  and  absorption  will  be 
prevented  by  our  inability  to  see.  But  even  if  we  should 
raise  the  temperature  of  the  room  and  every  thing  it  contains 

*  Communicated  by  the  Author,  ha-viug  been  read  at  the  York  Meet- 
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to  the  point  at  which  bodies  become  white-hot,  we  should  not 
be  better  off.  For  our  retinal  and  crystalline  lenses  would  be 
white-hot  too ;  and  supposing  they  could  sustain  such  a  tem- 
perature, all  })arts  of  the  retina  would  radiate  alike  ;  conse- 
quently they  would  also  receive  the  same  amount  ot"  radiation  : 
the  whole  internal  radiation  being  constant,  there  would  be 
nothing  to  distinguish  one  part  oi'  the  retina  from  the  other, 
and  we  should  be  as  effectively  (perhaps  more  effectively) 
blind  as  at  the  ordinaiy  temperature. 

No  observations  being  possible  in  an  enclosure  of  uniform 
temperature,  we  must  try  to  adapt  our  theoretical  conchisions 
to  cases  in  which  we  can  subject  them  to  the  test  of  experi- 
ment. We  do  this  by  making  an  assumption  contained  in 
Prevost's  law,  and  adopted  by  all  subsequent  writers.  The 
first  part  of  Prevost's  law  says,  that  bodies  are  always  both 
radiating  and  receiving  heat ;  if  their  temperature  remains 
constant,  as  it  does  if  they  are  placed  in  an  enclosure  of  con- 
stant and  uniform  temperature,  it  is  because  they  radiate  just 
as  much  heat  as  they  receive.  The  second  part  of  Prevost's 
law,  which  is  always  implied  though  not  always  distinctly 
stated,  says  that  the  radiation  of  a  body  is  a  function  of  its 
temperature  only.  Assuming,  with  Prevost,  that  a  body  of 
given  temperature  radiates  in  the  same  way  whether  placed  in 
an  enclosure  of  uniform  temperature  or  not,  we  can  apply  the 
results  obtained  by  theoretical  reasoning  to  the  phenomena 
which  we  observe  every  day.  But  if  some  of  these  conclu- 
sions seem  to  be  contradicted  by  experience,  we  are  led  to 
inquire  a  little  more  closely  again  whether  really  the  radiation 
of  a  body  is  completely  defined  by  its  therniometric  tempera- 
ture, without  regard  to  the  fact  whether,  on  the  whole,  it  is 
gaining  or  losing  heat.  In  Prevost's  time  men  of  science  had 
nothing  to  guide  them,  and  Prevost's  assumption  was  the 
simplest,  as  it  was  the  only  natural  one.  But  we  may  well  dis- 
cuss whether  the  dynamical  considerations  on  which  the  mole- 
cular hypothesis  is  founded  tend,  or  do  not  tend,  to  support 
the  view  that  the  radiation  of  a  body  is  only  a  function  of  its 
temperature. 

In  the  first  place,  let  us  consider  a  case,  not  connected  with 
radiation,  where  the  temperature  alone  certainly  does  not  com- 
pletely define  the  state  of  a  gas  at  a  given  point.  Imagine 
at  first,  again,  an  enclosure  of  uniform  tem])erature,  and  fix 
your  attention  on  a  certain  element  of  space  in  that  enclosure. 
The  molecules  of  a  gas  are  moving  about  within  that  space 
with  varied  velocities;  but,  on  the  w^hole,  as  much  energy 
passes  the  element  in  one  direction  as  in  another,  and  the 
average  tnV  viva  of  the  molecules  is  therefore  independent  of 


Theory  of  Radiation,  263 

direction.     But  supposing  now  some  parts  of  the  enclosure  to 
be  hotter  than  others,  conduction  of  heat  takes  place ;  and 
although  the  thermometric  temperature  of  the  element  we  are 
considering  may  be  the  same  as  before,  yet  the  molecules  Avill 
move  more  quickly  in  one  direction  than  in  another,  and  the 
temperature  of  the  element,  A\dthout  regard  to  the  temperature 
of  the  surroundino-  elements,  will  not  indicate  the  direction  in 
which  the  molecules  move  fastest.     The  temperature  at  a  given 
point   is    only  an    average  indication,  and  only  completely 
defines  the  state  of  the  gas  if  the  temperature  is  uniform.     We 
should  be  wrong  to  assume  that,  because  a  certain  distribution 
of  velocities  holds  when  the  temperature  is  uniform,  it  must 
also  hold  when  conduction  of  heat  is  allowed  to  take  place. 
What  holds  in  the  case  of  conduction  of  heat  may  also  hold  in 
the  case  of  radiation;  and  we  cannot  assume,  -without  further 
proof,  that  the  radiation  of  a  body  is  independent  of  the  tem- 
perature of  the  surrounding  bodies.     It  admits,  on  the  con- 
trary, I  believe,  of  ])roof  that  the  radiation  of  a  body  into  a 
cooler  medium,  being  a  phenomenon  of  dissipation  of  energy, 
involves  altogether  different  considerations  from  those  we  are 
accustomed  to  apply  when  the  temperature  does  not  change. 
In  order  to  fix  the  attention,  imagine  a  Bunsen  burner  with  a 
soda  bead  in  it.     The  spectroscope  will   show  us   the  Avell- 
known  yellow  sodium-lines ;  but  we  know  that  the  sodium- 
molecule  is  also  capable  of  sending  out  certain  rays  in  the 
green  part  of  the  spectrum*;  and  these  rays  are  so  weak  in  the 
case  under  consideration,  that  they  escape  observation.     Fol- 
lowing backwards  the  rays  which  enter  the  spectroscope,  we 
finally  reach  the  internal  radiation  of  the  Bunsen  flame;  and 
we  may  therefore  say  that  the  internal  radiation  is  strong  for  a 
certain  set  of  yellow  ^-ibrations,  and  weak  for  a  certain  set  of 
green  radiations.     About  the  vibrations  of  the  molecule  the 
spectroscope  does  not  directly  reveal  anj-  thing ;  but  there 
must  be  some  relation  between  them  and  the  intensity  of  radia- 
tions of  the  surrounding  medium.     If  there  is  more  internal 
radiation  for  the  yellow  light,  it  can  only  be  because  the  vibra- 
tions of  the  molecules  for  the  yellow  light  are  sti'onger.    Suppo- 
sing, now,  the  flame  to  be  suddenly  placed  in  an  enclosure  of 
constant  temperature,  which  temperature  shall  be  the  same  as 
that  of  the  flame  itself.     The  internal  radiation  is  constant 
within  that  enclosure;  or  rather  it  oi\\y  depends  on  the  refrac- 
tive index  of  the  medium. 

For  the  yellow  light  we  should  find  that  the  internal  radia- 

_I  do  not  wish  to  imply  any  definite  opinion  on  tlie  sodium-spectrum 
and  its  changes  with  temperature,  but  only  take  a  certain  view  of  it  as  an 
illustration. 
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tion  in  the  enclosure  is  ver}'^  nearly  the  same  as  that  of  the 
flame  radiating  into  space;  and  consefjucntly  a  removal  of  the 
flame  into  the  enclosure  will  not  materially  affect  the  average 
energy  of  vibration  for  yellow  light.  But  the  internal  radia- 
tion for  the  green  light  being  much  stronger  in  th(i  enclosure 
of  uniform  temperature,  the  energy  of  vibration  of  the  medium 
within  the  flame  will  be  much  increased  by  the  removal  of 
the  flame;  and  this  cannot  take  place  without  a  corresponding 
increase  in  the  energy  of  vibration  of  the  molecules  them- 
selves. It  follows  from  this  that  the  difference  in  the  inten- 
sity of  the  yellow  and  green  vibration  of  sodium  must  be 
much  smaller  in  the  enclosure  of  uniform  temperature  than 
when  the  sodium-flame  is  allowed  to  radiate  into  space,  though 
the  temperature  in  both  cases  may  be  the  same. 

The  following  suggestion  as  to  the  genesis  of  radiation  is 
founded  on  the  ideas  of  the  molecular  theory  of  gases,  and 
may  serve  to  make  the  difference  between  the  molecular  vi- 
brations in  the  case  of  a  radiation  into  a  colder  space  as  dis- 
tinct from  a  radiation  into  an  enclosure  of  equal  temperature 
a  little  more  clear.  In  a  gas  which  is  neither  gaining  nor 
losing  heat  we  assume  a  constant  interchange  of  motion 
between  different  molecules. 

Let  us  assume  that  the  molecules  we  are  considering  are 
like  the  sodium  molecules,  capable  of  vibrating  in  two  distinct 
periods,  one  corresponding  to  the  yellow  and  one  to  the  green 
rays.  The  energy  of  vibration  for  each  molecule  is  constantly 
chaugiug  ;  the  translatorv  energy  of  motion  is,  by  means  of  the 
encounters,  transformed  into  vibratory  energy  corresponding 
to  one  or  to  the  other  period;  and  if,  on  the  whole,  the  average 
energy  remains  constant,  it  is  because  just  as  much  vibratory 
energy  is  transformed  into  energy  of  translatory  motion.  We 
may  imagine  that  this  energy  of  translatory  motion  is  more 
easily  transformed  into  yellow  vibrations  than  into  green  vibra- 
tions; but  in  that  case  the  energy  of  yellow  vibrations  must 
also  more  easily  be  transformed  into  translatory  motion.  The 
mathematical  calculations  of  Maxwell  and  iioltzmann  have 
shown  that  when  the  final  equilibrium  has  been  reached  the  final 
energy  of  vibration  for  the  two  periods  must  be  the  same, 
though  each  encounter  may  more  easily  produce  vibrations  of 
one  period  than  of  the  other.  This  theoretical  conclusion  is 
not  altogether  confirmed  by  experience;  but  we  may,  for  the 
sake  of  argument,  assume  it  to  hold  in  the  imaginary  case 
which  we  are  at  present  considering.  Imagine  now  the  gas 
to  be  taken  out  of  the  enclosure  and  allowed  to  radiate  into 
space.  During  the  first  instant  the  yellow  and  the  green 
vibrations  will  be  of  the  same  intensity ;  but  very  soon  the 
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molecular  encounters  will  show  their  influence.  We  have 
assumed  that  yellow  vibrations  are  more  easily  produced  than 
green  vibrations.  While,  therefore,  the  green  vibrations  are 
allowed  to  decrease  in  intensity,  the  intensity  of  the  yellow 
rays  is  constantly  renewed  by  the  encounters.  The  radiation 
of  a  body  is  a  phenomenon  of  dissipation  of  energy;  and  the 
relative  intensity  of  the  different  radiations  merely  show 
through  what  channels  the  energy  is  more  quickly  dissipated. 
The  rate  at  which  the  energy  of  translation  is  transformed 
into  energy  of  periodic  motion  (which  has,  according  to 
Boltzmann,"^  nothing  to  do  with  the  establishment  of  final  equi- 
librium in  the  enclosure  of  uniform  temperature)  is  the  most 
important  quantity  in  determining  the  intensity  of  vibration 
when  a  body  is  losing  heat.  The  mere  fact,  therefore,  that 
we  observe  lines  of  different  intensities  in  the  specti-a  of  bodies 
is  not  in  itself  sufficient  to  invalidate  Boltzmann's  theoretical 
conclusion  that  in  an  enclosure  of  uniform  temperature  the 
vibrations  ought  to  be  equally  strong. 

It  will  be  seen  from  what  precedes  that  I  have  adopted  a 
view  on  the  origin  of  the  diflerent  intensities  of  spectral  lines 
which  is  different  from  that  usually  given ;  but  it  is,  as  far 
as  I  can  see,  the  only  one  consistent  with  dynamical  prin- 
ciples. The  statement  that  the  spectrum  of  a  body  is  not 
independent  of  the  vibrations  of  the  surrounding  bodies  may 
sound  improbable;  but  it  will,  I  think,  be  found  to  follow  from 
any  dynamical  explanation  of  radiation.  But  though  the 
mere  fact  of  different  intensities  of  spectral  lines  need  not  be 
conclusive  against  Boltzmann's  conclusions,  another  argument 
is  much  more  so.  If  his  reasoning  is  correct  we  can,  from 
the  measurement  of  the  two  specific  heats,  deduce  the  number 
of  degrees  of  freedom  of  a  molecule.  This  number  is  very 
small,  while  we  know,  by  spectroscopic  observation,  that  it 
must,  in  fact,  be  infinite.  Those  who  have  observed  the  com- 
plicated spectrum  of  mercury,  for  instance,  will  find  it  hard 
to  believe  that  a  molecule  of  mercury  has  only  three  degrees 
of  freedom,  that  is,  that  it  can  only  move  about  in  space ; 
that  it  does  not  vibrate  nor  rotate.  No  suCTo-estions  which 
have  yet  been  made  seem  to  me  to  get  over  this  serious  dif- 
ficulty; and  as  the  reasoning  by  means  of  which  the  result 
in  question  has  been  obtained  does  not  seem  open  to  serious 
criticism,  some  of  the  fundamental  assumptions  on  which  the 
reasoning  is  based  require  to  be  carefully  scrutinized.  Xow 
it  seems  to  me  that  in  the  course  of  the  whole  investigation 
the  vibrations  of  the  molecules  themselves,  as  far  as  their 
mutual  influence  (which  must  take  place  in  consequence  of 
the  transmission  of  these  vibrations  through  the  medium)  is 
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concerned,  have  been  overlooked.  It  is  therefore  perhaps  not 
astonishing  that  the  result  is  not,  on  this  very  point,  in  ac- 
cordance with  experimental  fact.  While  molecules  are  in 
close  proximity,  forces  must  act  which  depend  on  their  vibra- 
tions; and  the  relative  phase  of  vibrations  will  be  an  important 
factor  in  the  determination  of  the  strength  and  sign  of  these 
forces.  As  the  molecules  approach  each  other  they  try  to 
place  themselves  in  unison ;  that  is  to  say,  the  vibrations  of 
those  already  in  unison  will  be  strengthened,  while  the  vibra- 
tions of  those  the  phases  of  which  are  in  disagreement  will 
be  weakened.  At  the  moment  of  the  shock  a  sudden  altera- 
tion in  phase  may  take  place  ;  and  observations  on  natural 
light  seem  to  show  that  it  does  take  ])lace.  If  this  alteration 
takes  place  according  to  fixed  laws,  the  forces  acting  between 
the  molecules  during  the  second  part  of  the  shock  will  be 
altogether  different  from  those  acting  while  the  molecules  are 
approaching.  Boltzmann  assumes  that  all  the  phenomena  of 
an  encounter  take  place  as  often  in  a  reverse  order  ;  bat  if 
forces  such  as  those  suggested  act,  this  need  not  be  true. 

XXXIII.  On  Logical  Diagrams  for  n  terms.  By  Allan 
Marquand,  Ph.D.,  late  Fellow  of  the  Johns  Hopkins  Uni- 
versity*.^ 

IN  the  Philosophical  Magazine  for  July  1880  Mr.  Venn  has 
offered  diagrams  for  the  solution  of  logical  problems  in- 
volving three,  four,  and  five  terms.  From  the  fact  that  he 
makes  use  of  circles,  ellipses,  and  other  curvilinear  figures, 
the  construction  of  diagrams  becomes  more  and  more  difficult 
as  new  terms  are  added.  Mr.  Venn  stops  with  the  five-term 
diagram,  and  suggests  that  for  six  terms  "  the  best  plan  would 
be  to  take  two  five-term  figures." 

It  is  the  object  of  this  paper  to  suggest  a  mode  of  construct- 
ing logical  diagrams,  by  which  they  may  be  indefinitely  ex- 
tended to  any  number  of  terms,  without  losing  so  rapidly  their 
special  function,  viz.  that  of  affording  visual  aid  in  the  solu- 
tion of  problems. 

Conceiving  the  logical  universe  as  always  more  or  less 
limited,  it  may  be  represented  by  any  closed  figure.  For  con- 
venience we  take  a  square.  If  then  we  drop  a  perpendicular 
from  the  middle  point  of  the  upper  to  the  lower  side  of  the 
square,  the  universe  is  prepared  for  a  classification  of  its  con- 
tents by  means  of  a  single  logical  term. 

*  Commuiiicated  by  tlie  Author. 
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This  represents  a  universe  with  its  A  and  not-A  "  compart- 
ments." Tiie  quantitative  relation  of  the  compartments  being 
insignificant,  they  may  for  convenience  be  represented  as 
equal. 

The  introduction  of  a  second  term  divides  each  of  the  exist- 
ing compartments.  This  may  be  done  by  a  line  drawn  at 
right  angles  to  our  perpendicular  and  through  its   centre, 

thus : — 

A 


The  four  compartments  represent  the  sub-classes  A  B,  A  6, 
rt  B,  ab. 

A  diagram  for  four  terms  would  require  two  more  perpen- 
dicular and  two  more  horizontal  dividins:  lines,  thus: — 


A 

C 

A 

c 

a 
C 

a 

c 

BD 

Bd 

bB 

bd 

X2 
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The  sixteen  compartments  here  represent  the  formal  division 
of  a  universe  into  the  classes  ABCD,  ABCtf,  A6CD,  &c. 

Thus  by  continued  dichotomy  we  may  reach  a  diagram  for 
any  number  of  terms.     A  diagram  for  n  terms,  if  n  be  any 

n 

even   number   greater  than  2,  requires  2  +  2^^  +  2'  + . . .  +  2^ 
dividing  lines;  diagrams  for  n  —  1  terms  require  2  +  2^  +  2^  + . . . 

n  n 

22—22"^  such  lines. 

As  the  number  of  terms  increases,  the  labour  of  writing  out 
a  quantity  of  letters  may  be  considerably  lessened  by  the  use 
of  brackets.  This  will  appear  in  the  solution  of  the  following 
problem. 

The  are  eight  arguments,  A,  B,  C,  D,  E,  F,  G,  H,  thus 
related  to  each  other: — When  E  is  true,  F  is  true ;  and  when 
F  is  true,  either  E  is  true  or  B  and  C  are  both  false.  When 
either  G  is  true  or  E  and  F  are  both  false,  D  is  true.  If  B  is 
false  when  either  F  or  G  (but  not  both)  are  true^  then  H  is  true 
and  either  C  is  false  or  D  true.  It  is  true  only  when  an  even 
number  of  the  remaining  arguments  are  true  ;  it  is  false  only 
when  an  odd  number  of  the  remaining  arguments  are  false. 

Supposing  any  combination  not  inconsistent  with  the  pre- 
mises to  exist,  (1)  What  follows  from  A  being  true  either  when 
B  is  true  and  D  false  or  C  false  and  F  true?  and  (2)  From 
what  combination  of  arguments  may  we  conclude  that  A  and 
H  are  both  true  when  E  and  G  are  both  false  ? 

Representing  truth  by  a  capital  and  falsity  by  a  small  letter, 
all  possible  combinations  of  the  truth  or  falsity  of  the  eight 
arguments  are  indicated  by  the  small  squares  in  the  following 
diagram. 

The  shaded  squares  indicate  the  A  combinations  which  are 
inconsistent  with  one  or  more  of  the  premises ;  the  non-A 
combinations,  not  being  required  in  the  conclusion,  may  be 
neglected.  The  first  part  of  the  conclusion  calls  for  the  eight 
combinations  numbered  1  to  8  on  the  diagram.     These  are  : — 


AB 

cDEFGH 

AB 

c  D  E  F  G  /i 

AB 

cd'E'F  g   H 

AB 

cd  'E¥  g  h 

Ab 

c  DE  F  <7   H 

Ab 

cDe    FGH 

Ab 

cT>€   FGA 

Ab 

cd  e    Yg   B. 

and  one  or  other  of  these  is  true.     It  wiU  be  observed  that  in 
all  the  combinations  C  is  false  and  F  true.     Many  subordinate 
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conclusions  may  be  drawn,  such  as  A,  B,  and  D  being  all 
true,  E,  F,  and  G  are  also  true;  A  being  true  when  B  and  G 
are  both  false,  H  is  true,  &c. 


c 

-\     r 


n   r 
-\    r 


B 

"1    r" 


I    r 


-\     r 


n     r 


I 


The  second  part  of  the  conclusion  calls  for  the  three  combi- 
nations marked  8  to  10  on  the  diagram.     These  are 

K  h  c  d  e^  gK 
A  B  C  D  ^/  ^  H 
Kh   c  T>  ef  gB.. 

Hence  from  either  B  C  D/  ov  h  cT)  e  ov  h  c  d  e  y^e  may  con- 
clude Aegl^. 

Attention  may  be  drawn  to  the  fact  that  these  diagrams 
differ  from  those  suggested  by  Mr.  Venn  in  having  a  compart- 
ment for  the  absence  of  all  the  characters  or  objects.  Thus  in 
the  8-term  diagram  the  compartment  marked  with  a  star 
stands  for  the  combination  ahcdefgh.  This  compartment 
may  need  to  be  shaded  out,  and  hence  should  be  indicated  on 
a  complete  logical  diagram.     This  is  parenthetically  acknow- 
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ledgod  by  Mr.  Venn  ('  Symbolic  Lof^ic,'  p.  271),  and  practi- 
cally in  the  conptruction  ot"  his  loirical-diagram  machine 
('Symbolic  Logic/ p.  122). 

I  have  constructed  a  logical-diagram  machine  on  the  basis 
of  these  diagrams.  Blocks,  corresponding  to  the  squares  or 
rectangles  on  the  diagrams  and  resting  on  two  sets  of  slides, 
the  one  set  below  and  at  right  angles  to  the  other,  may  be 
made  to  drop  when  the  combinations  which  they  indicate  are 
inconsistent  with  the  premises.  32  such  slides  are  required 
to  operate  the  256  blocks  of  an  8-term  machine. 

But  this  machine,  though  simple  enough,  is  practically 
inferior  to  the  diagrams  which  I  have  had  })rinted  at  a  trifling 
expense  for  problems  of  7,  8,  9,  and  10  terms. 

XXXIV.  On  the  History  of  the  Theory  of  the  Beats  of  Mistuned 
Consonances.  By  E.  H.  M.  Bosaxquet,  Felloic  of  St.  Johns 
College,  Oxford. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 
Gentlemen, 

IN  a  paper  recently  published  in  the  Philosophical  Maga- 
zine, I  have  given  an  account  of  my  recent  experiments 
on  an  important  branch  of  this  subject.  I  wish  to  contribute 
further  to  the  appreciation  of  the  bearing  of  my  results,  by 
means  of  a  critical  notice  of  a  few  of  the  most  important 
points  connected  with  the  history  of  the  subject ;  to  which  I 
propose  to  add  some  remarks  on  Konig's  recent  paper 
\Annalen  der  Phydk  nnd  Cltemie,  1880,  p.  857). 

Passing  over  the  early  history  of  the  subject,  we  come  to 
Smith's  'Harmonics'  (1759),  a  treatise  always  regarded  as 
important,  but  difficult.  Smith  was  mainly  concerned  with 
the  reduction  of  the  phenomena  to  rule,  for  the  purpose  of  his 
studies  of  musical  temperament.  His  fnndaniental  principles 
do  not  really  reach  beyond  the  numerical  or  geometrical  ap- 
pearances or  patteins  which  arise  from  the  superposition  of 
certain  sequences  of  I'orms  at  regular  intervals.  Causal  expla- 
nation, reference  to  laws  of  sensation,  analysis  of  the  functions 
of  the  ear,  were  not  attempted  by  Smith.  But  his  work  is  of 
great  importance.  Is  is  still  much  appreciated  as  the  first 
and,  in  one  sense,  almost  the  most  powerful  exposition  of  prin- 
ciples still  largely  held,  which  are  entirely  inconqiatible  with 
the  point  of  view  originated  by  Helmholtz,  or  its  developments. 

Freed  from  the  singular  phraseology  in  which  Smith's  pro- 
positions are  envelojied,  they  are  not  difficult  in  themselves. 
1  will  shortly  state  in  an  example  the  effect  of  his  reasoning, 
so  far  as  it  purports  to  deal  with  the  causes  of  beats. 
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Smith's  '  Harmonics/  prop.  x.  p.  81,  2nd  edit. 

We  will  call  a  note  having  100  vibrations  in  a  certain  time 
a  "unison;"  and  a  note  having  101  vibrations  in  the  same 
time  will  be  said  to  make  with  the  first  an  "  imperfect  unison." 
Then  the  time  in  question,  in  which  the  notes  make  respec- 
tively 100  and  101  vibrations,  is  what  Smith  calls  a  "  simple 
cycle,"  or  "  the  period  of  the  imperfect  unisons." 

Consider  notes  making  2  and  3  vibrations  respectively  in 
the  time  of  6  of  the  first  note,  or  "  unison. ^^  Then  the  time 
in  which  these  notes  make  2,  3,  and  6  vibrations  respectively 
is  what  Smith  calls  the  "short  cycle '^  of  the  consonance. 

Suppose  the  consonance  to  be  mistuned,  so  that  2  vibrations 
of  the  one  note  =  6  of  the  unison  (100),  but  three  of  the  other 
=  6  of  the  imperfect  unison  (101),  then  the  2  of  the  one  note 
still  very  nearl}^  =  3  of  the  other,  and  each  of  these  periods 
or  short  cycles  is  still  nearly  6  vibrations  both  of  the  unison 
and  the  imperfect  unison.     Then  Smith  says: — 

"  Take  away  the  greatest  equal  numbers  of  short  cycles 
(of  6)  that  can  be  taken  from  both  ends  of  the  simple  cycle, 
or  period  of  the  imperfect  unisons." 

(Take  away  two  sets  of  8  short  cycles  of  6  from  100  and 
101  respectively.) 

'•  Then  some  part  of  another  short  cycle  or  two,  as  consist- 
ing of  unequal  numbers  of  the  quicker  and  slower  vibrations 
of  the  imperfect  unisons,  will  always  remain  in  the  middle  of 
the  cvcle  or  period." 

(100-2x8x6  =  4.101-2.8.6  =  5.  So  that  4  and  5 
vibrations  respectively  are  the  parts  of  the  short  cycles  that 
remain  over.) 

"  And  this  part,  by  interrupting  the  succession  of  the  short 
cycles  "  (of  6)  "wherein  the  harmony  of  the  consonance  con- 
sists, interrupts  its  harmony,  and  causes  the  noise  which  is 
called  a  heat;  especially  as  the  interruption  is  made  where 
the  short  cycles  on  each  side  of  it  are  the  most  imperfect  and 
inharmonious.  Therefore  the  time  between  the  successive 
beats,  made  in  the  middle  of  each  period  or  simple  cycle  of 
the  pulses  of  the  imperfect  unisons,  or  of  the  least  imperfections 
of  the  consonance,  is  equal  to  the  time  of  the  period.'''' 

The  term  j^eriocl  of  least  imjjeifections  is  explained  by  noti- 
cing that  there  would  not  be  a  real  coincidence  of  the  two 
notes  at  the  end  of  the  period  ;  but  there  would  very  nearly 
be  one. 

This  reasoning  only  points  out  the  mode  of  calculating  the 
number  of  times  that  a  certain  form  of  grouping  is  repeated. 
So  far  it  is  quite  right ;  and  as  forms  of  grouping  will  in  this 
subject  always  necessarily  be  a  matter  of  interest  and  import- 
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ance,  the  modern  student  cannot  afford  to  dispense  with 
Smith's  most  powerful  exposition.  But  it  does  not  account 
for  our  modern  conception  of"  heats,  regarded  as  variations  in 
the  intensity  of  certain  notes.  Wo  liave  still  to  find  out  in 
what  way  such  A-ariations  of  intensity  arise  out  of  the  system 
of  recurrences  Smith  describes. 

With  respect  to  the  supposed  difficulty  of  Smith's  proposi- 
tions, I  am  confident  that  any  one  who  lias  mastered  the  above 
examjile  will  lind  the  dithculties  gone,  in  all  that  part  of  the 
work  which  is  concerned  Avith  the  doctrine  of  beats. 

Young^s  criticism  on  Smith's  work  is,  that  he  achieved 
nothing.  De  Morgan  thinks  that  Young,  and  others  whom 
he  quotes,  did  not  understand  Smith.  The  passage  of  Young 
which  De  Morgan  cites  as  a  proof  of  this,  however,  is  very 
good  sense,  and  undoubtedly  represents  the  fact  correctly  on 
Young's  own  theory. 

"Whether  Young  understood  Smith  or  not,  and  whether  or 
no  Young's  theory  will  now  bear  strict  criticism,  there  can  be 
no  doubt  that  Young's  work  had  a  most  beneficial  influence 
on  the  progress  of  the  subject.  He  is  remarkably  clear  about 
a  number  of  important  points  ;  and  on  some  his  exposition  is 
not  surpassed  at  the  present  day. 

Young  clearly  pointed  out  the  mode  in  which  the  ordinary 
beats  (which  become  Smith's  sliort  cycles  in  or  near  conso- 
nances) are  numerically  related  to  the  Tartini  tones  (combina- 
tion-tones). He  uses  a  phraseology  which  is  now  seen  to  be 
objectionable,  when  he  says  that  the  beats  become  the  Tartini 
tones.  This  would  involve,  in  our  quantitative  language,  the 
statement  that  the  whole  of  the  energy  of  the  beats  is  trans- 
formed into  combination-tones,  to  which  statement  it  is  impos- 
sible to  assent.  So  that  I  differ  from  Young's  exposition  as 
I  differ  from  that  of  Konig,  where  he  assumes  the  passage  of 
beats  of  great  fre(|uency  into  a  note,  and  compares  the  beats 
with  impulses,  as  if  they  contained  nothing  else  but  the  impulse. 
But  this  difference  of  view  will  only  touch  the  mode  in  which 
the  notes  arise  out  of  the  beats.  One  might  almost  say  that 
it  is  a  mere  question  of  language ;  but  it  is  not  so.  The  ele- 
ment of  (juantitative  transformation  is  essentially  involved. 

The  facts,  however,  are  of  the  first  importance  ;  and  it  is 
not  too  much  to  say  that  Young's  statements  fully  anticipate 
the  principal  conclusiono  of  Konig's  great  paper,  and  give  the 
facts  completely  and  compendiously.  It  is  no  use  attempting 
a  detailed  analysis  of  Young's  position,  as  it  is  substantially 
the  same  as  that  of  Konig. 

Of  the  other  writers  who  occupy  a  similar  position  we  need 
only  mention  De  Morgan,  from  whose  analysis  many  have 
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formed  their  idea  of  Smith's  work.  From  our  present  point 
of  view  we  admire  his  painstaking  appreciation  of  Smith, 
while  we  think  he  overestimates  the  value  of  Smith's  analysis 
of  beats.  He  does  not  seem  to  see  that  it  amounted  only  to  a 
numerical  or  geometrical  analysis,  and  left  the  reader  a  long 
way  olF  even  the  idea  of  the  existence  of  a  deeper-seated  expla- 
nation. The  obstacle  opposed  to  Smith's  explanation  by  the 
resolution  in  the  ear  of  the  resultant  or  complex  forms  into 
their  elements  according  to  Ohm's  law,  escaped  De  Morgan 
entirely. 

De  Morgan  is  behind  Young  in  thinking  that  Tartini  (com- 
bination) tones  only  exist  in  the  case  of  consonances  ;  this 
vitiates  fundamentally  all  his  notions  of  the  phenomena,  and 
causes  him  to  give  defective  rules  for  them.  Further,  he 
condemns  Young  for  the  statement  that  other  resultant  tones 
(as  we  now  call  them)  arise  out  of  the  beats  of  consonances 
besides  the  Tartini  tone  (difference-tone  of  Helmholtz,  first 
combination-tone).  In  fact  Young  here  clearly  describes  the 
phenomena  subsequently  described  by  Konig  as  beat-notes, 
and  was  right  in  the  main  as  to  the  facts. 

I  think  we  may  fairly  summarize  the  position  taken  up  by 
Helmholtz  on  this  question  as  amounting  to  the  admission  of 
the  principle — all  heats  consist  of  variations  of  intensity  of 
musical  notes.  I  am  not  quite  sure  whether  Helmholtz  was 
the  first  to  enunciate  principles  which  amount  to  this,  as  the 
history  of  these  doctrines  is  voluminous  and  rather  obscure. 
And  I  do  not  think  that  even  Helmholtz  enunciates  this  as  a 
new  dogma  in  so  manv  words,  thouu;h  it  is  assumed  throuohout 
as  the  basis  of  his  treatment.  Some  of  the  older  writers,  par- 
ticularly Smith  and  Young,  so  guard  their  exposition  that  it 
is  quite  capable  of  adaptation  to  this  principle.  On  the  other 
hand,  certain  modei-n  writers,  professing  or  appearing  to  fol- 
low in  the  footsteps  of  Smith  and  Young,  so  modify  their 
exposition  as  to  make  it  inconsistent  with  the  above  principle, 
and  to  require  the  admission  that  beats  consist  of  some  form 
of  perception  other  than  that  of  the  variation  of  musical  notes. 

In  treating  of  the  position  of  Helmholtz,  it  will  be  desirable 
to  discuss  somewhat  minutely  a  treatise  on  Beats,  consisting 
of  two  papers  by  W.  Pole,  F.E.S.,  Mus.  Doc,  in  'Nature,' 
Jan.  13  and  20,  1876.  I  regard  these  papers  as  the  most 
important  manifesto  of  the  school  last  alluded  to,  before  the 
paper  of  Konig  to  be  subsequently  considered.  The  clearness 
and  knowledge  of  the  subject  make  them  a  good  text  for  dis- 
cussion ;  yet  I  consider  the  exposition  they  contain  to  be 
erroneous. 

Pole  describes  three  kinds  of  beat — the  unison-beat,  the 
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consonanco-bcat  or  Sinitli's  hoat,  and  tlio  Itoats  of  Helinholtz, 
which  are  taken  to  inchide  th(;  beats  ari.-?inf{  from  overtones 
and  combination-tones. 

The  account  of  the  unison-beat  is  in  most  respects  that 
common  to  all  authors.  But  there  is  a  point  in  which  it  differs 
from  the  carefully-fruarded  exposition  of  Smith,  which  gives 
rise  to  a  fallacy  runnino;  throughout  the  whole  j)a}:)er,  though 
distinct  from  my  principal  ground  of  objection.  The  whole 
exposition  is  founded  on  effects  supposed  to  be  produced  by 
the  blows  of  a  hammer.  Now  this  makes  a  very  complicated 
effect  the  basis  of  operations.  In  the  first  place,  we  have  in 
the  primary  impulse  a  sound  rather  than  an  impulse  of  the 
air.  This  example  then  involves  the  question  of  the  produc- 
tion of  notes  by  intermittent  sounds,  which  belongs  to  a  higher 
and  more  difficult  part  of  the  subject.  Secondly,  the  impulse 
selected,  regarded  as  an  impulse,  is  of  a  Very  complicated 
character.  It  can  be  shown  without  difiiculty  that  a  series  of 
discontinuous  impulses  is  represented  by  the  sum  of  an  infinite 
series  of  impulses  following  the  pendulum-law,  the  amplitudes 
of  all  the  terms  being  ultimately  equal. 

Consider  more  closely  the  example  given  by  Pole.  Suppose 
A  to  make  eleven  strokes  of  the  hammer  to  ten  of  B.  Then, 
if  at  one  point  the  strokes  of  A  and  B  coincide,  after  five 
strokes  of  B,  A  will  be  half  a  stroke  in  advance,  and  the 
strokes  will  succeed  each  other  with  intervals  of  half  a  stroke 
for  a  short  time;  that  is  to  say,  the  pitch  of  the  resulting  sound 
goes  up  an  octave.  Now  if  two  pure  tones  near  each  other  in 
pitch  produce  the  unison-beat,  the  beat  consists  of  alternations 
of  sound  and  silence  very  nearly — at  all  events  not  of  alterna- 
tions of  fundamental  and  octave.  Notes  are  easily  procured 
of  sufficient  purity  for  this  demonstration.  Consequently 
Pole's  illustration  fails  to  indicate  the  real  nature  of  the  phe- 
nomenon. 

Smith  is  careful  to  avoid  this  diflSculty ;  and  his  demonstra- 
tions are  perfectly  applicable  to  pendulum-vibrations,  although 
he  makes  no  assumption  as  to  the  forms  of  the  impulses  em- 
ployed. 

The  explanation  given  by  Pole  of  the  effect  of  imperfect 
coincidences  is  quite  correct;  but  it  is  attributed  to  Young. 
Now  this  explanation  was  fully  attained  by  Smith,  and  is  the 
origin  of  the  term  "period  of  least  imperfections,"  which  is 
one  of  the  most  perplexing  elements  of  his  phraseology. 

In  alluding  to  the  disappearance  of  unison-beats  in  inter- 
vals greater  than  a  third,  Pole  notices  Young's  theory  that 
the  beats  pass  over  (?  are  entirely  transformed)  into  the  Tar- 
tini  tone.     But  in  speaking  of  the  doubt  cast  by  Helmholtz 
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on  Young's  theory,  Pole  fails  to  notice  the  real  nature  of  the 
discovery  of  Helmholtz,  which  is  that  the  two  notes  are  sepa- 
rately received  by  the  ear  ;  so  that  the  disappearance  of  the 
beats  is  to  be  regarded  as  arising,  in  great  measure  at  least, 
from  the  removal  of  the  two  disturbances  from  each  other's 
influence,  and  not  entirely  or  even  principally  from  their 
rapidity.  I  have  dealt  with  this  point  in  my  recent  paper 
(Phil.  Mag.  June  1881,  p.  422). 

Pole's  second  kind  of  beat  is  Smith's  beat  (variation  of 
maximum  displacement  in  resultant  forms).  It  is  assumed 
that  the  theory  of  Smith  constitutes  a  complete  explanation  of 
the  existence  of  certain  beats  in  mistuned  consonances,  as  to 
the  nature  of  which  nothing  further  is  said.  Smith's  investi- 
gation has  been  sufficiently  given  for  its  nature  to  be  fully 
realized.  It  will  be  seen  that  Smith  does  not  say  any  thing 
as  to  what  the  ultimate  nature  of  the  beat  is;  he  only  examines 
the  snperpositioxi,  and  says,  "  wherever  there  is  a  certain  irre- 
gularity there  must  be  a  beat."  The  classification  of  beats 
given  by  Pole  appears  therefore  to  import  into  Smith's  inves- 
tigation, siih  silentio,  something  not  really  contained  in  it — 
namely,  the  implication  that  the  beat  thus  demonstrated  is 
something  sui  generis,  and  different  in  kind  from  the  variation 
of  a  musical  note.  For  all  beats  formed  by  the  variations  of 
musical  notes  appear  to  be  referred  to  Pole's  third  class, 
viz.  the  beats  of  Helmholtz.  But  before  we  can  admit  the 
existence  of  beats  not  consisting  of  variation  of  musical  notes, 
we  must  learn  what  their  sounds  really  consist  of,  and  have 
these  sounds  strictly  deduced  from  the  theory  ;  which,  to  say 
the  least,  has  not  been  accomplished  so  far. 

The  third  kind  of  beat  described  by  Pole  is  the  overtone- 
beat  of  Helmholtz,  It  is  too  well  understood  for  any  discus- 
sion to  be  needed  here. 

The  combination-tone  beats,  which  were  shown  in  my  recent 
paper  to  be  the  actual  principal  element  in  the  beats  of  mis- 
tuned consonances  produced  by  pure  notes,  are  brought  in  by 
Pole  at  the  end,  whether  regarded  as  part  of  the  third  class  or 
not  is  not  clearly  stated. 

The  next  contribution  of  importance  is  the  famous  paper  of 
'Konig  on  beats  and  beat-notes,  which  has  been  regarded  by 
some  authorities  as  establishing  results  inconsistent  with  \hQ 
views  originated  by  Helmholtz.  This  paper  Avas  to  a  great 
extent  the  origin  of  my  work  in  connexion  with  this  subject. 
The  question  which  suggests  itself  continually  in  readino- 
Konig's  paper  is,  "What  did  all  these  boats  consist  of?" — a 
question  which  I  have  endeavoured  to  answer  in  my  recent 
paper,  and  hope  to  answer  more  fully  on  some  future  occasion. 
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Konig  only  answers  this  question  once,  where  he  says  that, 
in  beats  ot"  the  mistuned  octave,  the  octave  and  fundamental 
appear  alternately.  I  regard  this  as  a  proof  that  Konig^s 
notes  were  not  fi-ee  from  octave.  As  to  this  see  further  Helm- 
holtz,  Tonempfindung,  4th  ed.  pp.  263,  264;  also  Preyer,  Akus- 
tische  Uniersuchingen  (Jena,  1879),  p.  15. 

On  account  of  the  importance  of  Konig's  paper,  I  have 
prepared  the  following  list  of  the  rather  numerous  errata  in 
the  copy  in  the  Philosophical  Magazine,  as  also  of  those  in  the 
copy  in  PoggendorfF.  It  is  not  possible  to  read  the  copy  in 
the  Philosophical  Magazine  with  entire  comprehension  unless 
the  errata  have  been  first  eliminated. 


Pogg.  Ann.  vol.  clvii. 

Page 

191,  last  line, 

for    »i'=e 
read  m!  =  c 


192,  line  4, 


for     c' :  d" 
read  c' :  d'" 


192,  line  10, 


c   :g' 


192,  eleven  lines  from  end, 
for     c"  e" 
read  c"  c" 


198,  line  6, 


for    c"  c' 
read  c"  c" 


193,  8  lines  from  end, 
c 

193,  7  lines  from  end, 
C 


194,  line  2, 


194,  line  8, 


C:H 


c"'  /I'v 


208,  line  1, 


for    e 
read  c 


Phil.  Mag.  fifth  series,  vol.  i. 

Page 

427,  10  lines  from  end, 

for     7n  —  e' 

read  m'  =  c 

427,  7  lines  from  end, 
c"  :  (f" 

427,  last  line  but  one, 

for    e"'.g" 
read  c"  :  (f' 

428,  line  15, 

for     c"  e" 
read  c"  c" 

428,  13  lines  from  end, 
for    c"  e' 
read  c"  c" 


429,  line  13, 


for    c' 
read  c 


429,  line  14, 


for    c 
read  0 

429,  line  22, 

for     C  :  6 
read  C  :  B 

429,  line  26, 

for    c"':rf'v 
read  c"' :  ftiv 

439,  line  17  from  end, 

c 
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Errata  (continued) 
Pogg.  Ann.  vol.  clvii. 


208,  line  2, 

for    e  :  c 
read  c  :  c 

213,  line  9  from  end, 


213,  line  5, 


213, 


213, 


213, 


214, 


214, 


214, 


215, 


215, 


Einklang 
Stosse 


Rauhigkeit  u.  C 
ganz  schwach 
Stosse 


Octave 
Stosse 


Duodecime 

Stosse 


Einklang 
Stosse 


c  deutlich 

Stosse 


for    C'  :  c^ 
read  c'" :  cv 


Einklang 
Stosse 


C  vernehmbar 

Stosse 


Phil.  Mag.  fifth  series,  vol.  i. 

Page 

439,  line  16  from  end, 


444,  line  8  from  end, 
for     c 
read  c' 

444,  line  6, 

for    Unison  beats 
read  Unison. 
Beats. 

444,  lines  21,  22,  23, 

for     Roughness  and 

C  very  Tveak  beats 
read  Roughness  and 
C  very  weak. 
Beats. 

444,  beginning  of  second  period, 
for    octave  beats 
read  octave. 
Beats. 

444,  beginning  of  third  period, 

for    Twelfth  beats 
read  Twelfth. 
Beats. 

445,  beginning  of  first  period, 

for    Unison  beats 
read  Unison, 


445,  last  line  but  one  of  first 
period, 
for     c  distinct  beats 
read  c  distinct. 
Beats. 

445,  heading  of  third  period, 

for      CIV  ;  cv 

read  e'" :  c' 

446,  first  line  of  table, 

for    Unison  beats 
read  Unison. 
Beats. 

446,  last  line  but  one  of  table, 
for     C  perceptible 

beats 
read  C  perceptible. 
Beats. 
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Errata  (continued). 
Pogg.  Ann.  vol.  clvii.  |         PLil.  Mag.  fifth  series,  vol.  i. 


Page 
216,  Hne  6, 


mit  den  Stosstonen  zusam- 
menf'alleu,  und  sich  also  bei 
diesen  nicht  nacliweisen 
lassen 


216,  Une  11, 


225,  last  line  of  table, 
for    E 
rend  C 


232, 


beim  Zusammenldanjre  zwar 

periodisch  an  Inteiisitat  zu- 

und  abnehmende  Schwing- 

1  a  +  b 

ungen  von   nana   zu    — -— 

erzeugen. 


Page 

511,  line  13, 

for  they  coincide  ■with  the  ori- 
giuid  note,  and  therefore 
cannot  be  proved  by  it. 
read  they  coincide  with  the 
beat-notes,  and  therefore 
cannot  be  demonstrated 
beside  the  latter., 

511,  line  17, 

for     7n'=m 
read  The  beat-note  =  m 
and  for  m'=^n  —  m 

read  The  beat-note  =  w  —  m 


517,  last  line. 


522,  line  21, 

for  periodically  exhibit  when 
sounded   together    an   in- 
crease and  decrease  of  vi- 
a+b 
2 

read  when    sounded   together 
give  rise   to  vibrations  of 

frequency  about  "-^,  which 

periodically  increase    and 
decrease  in  intensity. 


brations  of  about 


The  experimental  results  of  Konig  are  very  completely 
stated.  So  far  as  they  affect  the  questions  in  dispute  they 
may  be  shortly  put  as  follows: — 

When  any  consonance  formed  by  notes  having  the  relation 
of  harmonic  and  fundamental  is  mistuned,  beats  occur. 

All  such  beats*  may  he  rec/arded  as  forming  beat-notes  of 
corresponding  frequency,  which  become  audible  when  their 
number  and  the  intensity  of  the  primaries  are  sufficient. 

Two  such  beat-notes,  when  nearly  forming  unison,  octave, 
or  twelfth,  produce  with  each  other  secondary  beats.  These 
in  turn  may  be  regarded  as  forming  secondary  beat-notes. 

Difference-  and  summation-notes  are  regarded  as  indepen- 
dent of  the  beat-notes,  and  as  being  much  weaker. 

Beat-notes  ai-e  reyarded  as  not  susceptible  of  explanation 


*  I  keep  the  experimental  results  clear  from  Kouig's  hypothesis  as  to 
their  cause. 
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by  difference-  and  summation-notes,  since  the  frequencies  do 
not  correspond*. 

The  audibility  of  beats  is  regarded  as  depending  solely  on 
their  number,  and  on  the  intensity  of  the  primaries,  and  as 
being  independent  of  the  magnitude  of  the  interyal.  (This  is 
certainly  not  true;  Helmholtz,  Tonemp.  4th  ed.  p.  286.) 

In  seyeral  other  respects  beats  are  identified  with  primary 
impulses  of  the  same  frequency. 

According  to  my  results,  we  should  correct  these  statements 
by  saying  that  beat-notes  are  deyeloped  from  beats  by  the 
transformation  of  a  small  definite  portion  of  the  energy  of  the 
beats  into  the  beat-notes,  in  the  transmitting  mechanism  of 
the  -ear. 

We  now  come  to  a  paper  of  considerable  interest,  "  On 
Beats  of  Imperfect  Harmonies,'"  by  SirTT.  Thomson  (Proc. 
Roy.  Soc.  Edinb.  1877-78_,  p.  602.)  The  facts  stated  in  this 
paper  are  in  accordance  with  the  details  of  Konig's  experi- 
ments. The  phase-differences  corresponding  with  the  difierent 
portions  of  the  beat  are  exhibited  by  figures  of  harmonic 
curyes.  The  correspondence  of  the  number  of  beats  with  that 
deducible  from  the  forms  of  the  curyes  is  demonstrated  expe- 
rimentally ;  and  the  existence  of  beats  is  demonstrated  in  the 
case  of  the  simpler  binary  harmonies,  when  mistuned. 

The  following  is  an  example  of  the  nature  of  the  description 
of  the  sounds  heard: — "a  revolving  character]  which  I  per- 
ceiye  in  the  beat  seems  distinct  enough  to  proye  that  the 
ear  does  distinguish  between  these  configurations."  ....  It 
will  be  seen  that  the  author  has  here  to  some  extent  proposed 
to  himself  the  question — AVhat  are  the  sounds  of  which  the 
beats  consist  ?  But  if  my  work  is  right,  he  has  not  attained 
the  complete  answer  to  it. 

When  I  first  took  up  the  consideration  of  Konig^s  experi- 
ments, it  seemed  to  me  that  the  most  probable  solution  was 
that  the  notes  he  used  were  not  pure  from  oyertones.  In  fact, 
if  we  admit  the  existence  of  oyertones  in  his  notes,  phenomena 
would  be  produced  which  would  correspond  to  those  he  de- 
scribes. I  now  know  that  the  beats  thus  accounted  for  would 
not  contain  some  of  the  elements  which  do  appear.  But, 
since  Konig  giyes  no  analysis  of  the  constituent  elements 
of  his  beats,  it  was  impossible  to  foresee  this.  I  consequently 
spent  some  time  in  examining  the  question  of  the  production 

*  This  supposed  difficulty  arises  out  of  the  restriction  to  first  difierence- 
tones.  In  my  recent  paper  the  identity  of  the  beat-notes  with  the  yarioua 
difference-tones  is  sufficiently  esttiblished. 

t  Italics  in  original,  foot  of  p.  610. 
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of  overtones  under  similar  circumstances,  and  showed  that 
they  do  exist.  Helmholtz  {Tonemp.  4th  ed.  pp.  2G3,  264) 
comes  to  the  same  conclusion  ;  also  Prejer  (Akustische 
Untersnchungen).  And  it  was  only  b}'  the  application  of  the 
new  methods  recently  placed  at  my  disposal  tJiat  I  was  able 
to  recognize  the  insufficiency  of  this  explanation,  and  to  place 
the  matter  on  the  footing  developed  in  my  recent  paper. 

It  only  remains  to  notice  Konig's  paper  in  Wiedemann's 
Annalen,  1880,  p.  857;  and  I  cannot  refrain  from  expressing 
my  admiration  for  the  clearness  and  thoroughness  with  which 
every  point  is  examined  experimentally.  I  cannot  pretend 
to  explain  all  the  phenomena  recorded  ;  but  I  will  endeavour 
to  make  clear  the  general  point  of  view  from  which  I  regard 
them. 

The  proposition  Konig  sets  himself  to  maintain  is — that  a 
(pure)  tone  can  excite  also  all  the  tones  of  its  harmonic  series. 
This  proposition  was  maintained  by  Wheatstone  ;  and  there  is 
a  not  inconsiderable  number  of  well-informed  persons  who  are 
disposed  to  admit  it.  Its  complete  discussion  is  a  matter  of 
very  great  importance.  As  a  matter  of  mathematics  it  is  quite 
inadmissible,  unless  we  admit  either  the  impurity  of  the  "  tone  " 
employed  or  the  existence  of  transformation. 

It  is  generally  understood  and  admitted  that  a  very  small 
excitation,  operating  on  a  vibrating  body  of  the  same  period, 
is  capable  of  exciting  large  vibrations  in  the  vibrating  body. 
Suppose,  for  instance,  that  in  Konig's  pendulum  with  the 
spring  arrangement  at  the  top  (p.  8(j7),  the  pendulum  and 
weighted  spring  were  arranged  to  swing  in  exactly  equal 
periods ;  then,  how  large  would  the  movements  of  the  pendu- 
lum have  to  be  to  set  the  spring  in  vibration  with  large  ampli- 
tudes? There  can  be  no  doubt  that  an  extremel}-  minute 
movement  of  the  pendulum,  so  small  as  to  be  scarcely  percep- 
tible, would  be  sufficient  for  the  purpose. 

Now,  suppose  the  pendulum  arranged  as  Konig  had  it,  so 
that  the  pendulum  swung  as  a  fundamental,  and  the  spring  in 
the  period  of  a  harmonic.  Then,  if  the  movement  of  the  pen- 
dulum contained  ever  so  little  of  the  harmonic  in  question,  the 
spring  would  certainly  be  set  in  vibration  with  large  ampli- 
tudes, just  as  in  the  former  case;  only  that,  the  minute  amount 
of  the  higher  harmonic  motion  of  the  pendulum  being  masked 
by  the  fundamental  motion,  it  would  appear  as  if  the  funda- 
mental itself  Avas  exciting  the  spring  in  the  period  of  the  har- 
monic. We  have  then  only  to  inquire.  Is  it  possible  that  the 
fundamental  vibration  of  the  pendulum  can  have  been  accom- 
panied by  a  small  amount  of  harmonic  ?  And  we  answer,  it  is 
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not  only  possible,  but  certain  that  it  must  be  so.  When  we 
speak  of  pendulum-vibrations  we  are  apt  to  forget  our  history, 
and  to  think  of  the  circular  pendulum  as  if  it  really  executed 
perfect  harmonic  motions.  But  this  is  only  true  of  the  ideal 
cycloidal  pendulum,  which  never  has  been  realized,  and  is 
never  likely  to  be.  And  the  difference  between  the  two  is  not 
negligible :  we  need  only  think  of  the  correction  for  arc 
which  the  periodic  time  requires  in  pendulum-observations  of 
accuracy,  to  see  that  higher  harmonic  terms  must  enter  into 
the  motion ;  and  in  all  cases  in  which  the  fundamental  vibra- 
tion is  not  very  small  indeed,  these  higher  terras  will  certainly 
not  be  negligible. 

With  any  other  experimenter  than  Konig  I  should  be  dis- 
posed to  point  to  a  nuraber  of  influences  which  lead  to  trans- 
formation. One  may  possibly  have  escaped  him  :  it  is  neces- 
sary for  his  purposes  to  be  sure  that  the  bending  of  the  spring 
calls  into  action  a  force  strictly  proportional  to  the  displace- 
ment. For  large  displacements  it  is  improbable  that  this  con- 
dition is  satisfied.  Further,  any  unsteadiness  in  the  stand  of 
the  instrument  leads  to  transformations  of  very  considerable 
extent ;  but  this  is  not  likely  to  have  misled  Konig. 

The  remaining  investigations  Avill  now  be  more  easily  dealt 
with. 

On  pages  860  &  861  the  argument  rests  on  the  idea  that  the 
harmonic  in  the  source  of  excitation  must  be  developed  to  the 
same  actual  magnitude  as  the  excited  harmonic  vibration. 
But  this  is  not  at  all  the  case.  According  to  both  theory  and 
practice,  the  excited  harmonic  vibration  can  be  developed 
by  an  extremely  small  corresponding  vibration  in  the  exciter; 
and  it  seems  to  me  quite  probable  that  a  large  fundamental 
may  contain  sufficient  harmonic  for  the  purpose  of  excitation 
without  showing  any  trace  of  it  in  its  curves,  as  is  apparently 
the  case  on  page  863. 

I  do  not  say  that  this  is  the  sole  explanation  of  the  results; 
but  it  is  sufficient  to  prevent  me  from  accepting  Konig's  argu- 
ment as  a  proof. 

There  is  much  difficulty  in  the  question  of  transmission 
through  the  air.  When  we  think  of  the  complicated  series 
of  currents  and  vortices  that  must  surround  the  prongs  of  a 
tuning-fork,  it  seems  very  difficult  to  be  sure  that  there  is  no 
transformation  there.  But  certainly  Konig's  experiment  with 
the  phonautograph  (p.  864)  seems  to  refer  us  back  to  the  ex- 
planation above  stated.  , 

With  respect  to  the  transmission  of  the  vibrations  through 
threads  (p.  865),  I  examined  this  point  some  years  ago  by 
means  of  a  little  apparatus  shown  to  the  British  Association 

PML  Mag.  S.  5.  Vol.  12.  No.  75.  Oct.  1881.  Y 
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in  187G.  If  the  threads  are  not  .so  arranged  that  the  pnll  on 
the  excited  vibrator  is  strictly  proportional  to  the  displacement 
of  the  exciter,  it  is  quite  certiiin,  both  from  theory  and  expe- 
riment, that  transformation  must  take  place.  ]\Iy  aj)paratus 
consisted  of  a  number  of  pendulums  arranged  as  harmonics  to 
a  large  and  heav}-  metronome.  The  connexions  wei'e  made 
with  elastic  threads.  When  the  connexions  -svere  so  made  as 
to  satisfy  the  above  requirement  as  nearly  as  possible,  I  could 
reduce  the  excitation  of  the  harmonic  pendulums  to  a  very 
small  amount;  I  never  succeeded  in  entirely  stopping  it.  But 
it  was  obviously  impossible  to  fulfil  the  above  condition  with 
any  approach  to  real  perfection.  Whf^n,  however,  the  approxi- 
mate fulfilment  of  the  condition  was  purposely  avoided,  as  by 
letting  the  thread  just  go  slack  at  one  i)oint  of  the  vibration, 
transformation  set  in  at  once,  as  it  should  do,  and  the  small 
pendulums  were  set  in  violent  vibration.  At  that  time  I 
pointed  out  the  defect  of  Mayer's  arrangement  of  transmission 
by  threads  (note,  p.  865),  as  it  did  not  appear  from  the  account 
that  any  means  were  taken  to  render  the  pull  stricth'  propor- 
tional to  the  displacement  of  the  exciter,  and  consequently 
transformation  was  to  be  expected. 

On  the  whole,  no  doubt,  the  truth  of  the  matter  is  best 
stated  in  a  form  that  combines  much  of  what  both  parties  to 
this  discussion  have  maintained.  It  is  quite  true  that,  in  a 
hypothetical  system  in  which  the  forces  called  into  action  are 
strictly  proportional  to  the  displacements,  the  fundamental 
harmonic  Aibration  cannot  permanently  excite  its  multiples. 
This  is  unassailable  as  matter  of  mathematics:  and  as  to  expe- 
riment, we  can  only  say  that,  the  nearer  we  approach  to  the 
construction  of  such  a  system,  the  less  are  the  multiples  excited 
by  the  fundamental.  But  I  think  that  the  actual  construction 
of  such  a  system  is  impossible.  And  so  far  as  our  actual  sys- 
tems depart  from  the  abo^■e  condition,  more  or  less,  transfor- 
mation does  and  must  take  place.  Wheatstones  law  is  there- 
fore generally  true  of  actual  systems  ;  and  it  is  only  incom- 
plete because  it  omits  the  question  of  quantity.  How  much 
of  the  multiple  vibration  is  excited  in  systems  whose  forces 
depart  to  known  extents  from  the  simple  law  of  pro})ortionalityy 
So  far  as  we  are  able  to  answer  by  our  general  knowledge  of 
tlie  facts,  they  are  entirely  in  accordance  with  the  theory.  The 
mort'  minute  comparison  of  the  different  classes  of  systems 
should  be  an  experimental  stud}-  of  great  interest  but  no  theo- 
retical difficulty,  which  would  materially  assist  to  throw  light 
on  the  general  comprehension  of  the  subject. 
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XXXV.  On  the  best  Arrangement  of  the  Wheatstone^s  Bridge 
for  the  Measurement  of  a  particular  Resistance.  By  Thomas 
Gray,  B.Sc,  F.R.S'.E* 

[Plates  rV.,  v.,  &  VI.] 

"VTO  experimental  method  is  in  more  general  use  than  is 
-L 1  that  of  Wheatstone's  bridge  for  the  comparison  of  elec- 
trical resistances.  It  appears,  however,  that  erroneous  ideas 
are  prevalent  among  practical  electricians,  and  have  found 
their  -way  into  works  on  electrical  testing,  as  to  the  proper 
resistances  to  be  used  in  the  different  branches  of  the  Bridge 
in  order  that  the  most  sensitive  arrangement  may  be  obtained 
in  any  particular  case.  The  following  investigation,  together 
with  some  graphical  illustrations  of  the  effect  of  using  different 
resistances,  was  originally  prepared  for  the  use  of  my  students; 
but  the  fact  just  referred  to  has  led  me  to  believe  that  it  may 
be  found  generally  useful  by  those  engaged  in  electrical  work. 

The  most  general  case  (that  in  which,  for  the  measurement 
of  a  particular  resistance,  all  the  other  resistances,  including 
those  of  the  galvanometer  and  battery,  may  be  varied)  has  been 
excellently  treated  by  Prof.  Clerk  Maxwell,  and  more  recently 
by  Prof.  Chrystal  in  his  article  "  Electricity  "  in  the  Encyclo- 
pedia Britannica  ;  but,  so  far  as  I  am  aware,  no  one  has  con- 
sidered in  detail  all  the  different  casesf. 

The  subject  is  divided  into  three  parts,  each  of  which  may 
be  found  useful  in  particular  cases.  The  first  part,  however,  is 
that  which  will  be  of  the  greatest  service  as  a  guide  for  practical 
purposes.  In  this  part  the  galvanometer  and  battery  are  sup- 
posed to  be  constants,  while  the  bridge-resistances  are  changed 
to  suit  particular  cases.  It  is  seldom  convenient  to  change 
either  the  battery  or  the  galvanometer  much  during  a  series 
of  tests;  and  I  therefore  think  this  part  the  most  interesting 
and  useful. 

Part  I. 

The  problem  is  this : — With  a  given  battery  and  a  given 
galvanometer,  and  a  certain  resistance  to  be  measured,  what 
must  the  other  three  resistances  be  in  oi'der  to  give  the  best 
effect  ? 

Let  a,  6,  E,  c  (PL  IV.  fig.  1)  be  the  resistances  in  the 
bridge,  g  and /the  galvanometer-  and  battery-resistances,  and 
G  the  current  passing  through  the  galvanometer  when  balance 

*  Communicated  by  the  Author. 

t  This  paper  wa?  prepared  for  press  before  the  author  knew  of  the  ex- 
istence of  Mr.  Oliver  Heaviside's  paper  in  the  Philosophical  Magazine, 
vol.  xlv.  (1873)  p.  114,  in  which  the  case  treated  in  Part  I.  below  is  con- 
sidered, and  concordant  results  arrived  at. 
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is  approximated  to  to  a  degree  determined  by  the  equation 

f^  a       b 
c       \\ 

where  C  is  a  constant  very  near  unity. 

By  the  aid  of  Kirchhoff's  corollaries  to  Ohm's  law  we 
readily  obtain  the  following  equation  to  the  current  passing 
through  the  galvanometer  when  E  is  the  electromotive  force 
of  the  battery. 

p E(  aVl—bc) 

ab{c  +  R)  +  cR{a  +  h)+g{a^-c){h  +  U)      '       '      ^^ 
+/{(tt  +  Z>)(c  +  R)  +  (/(rt  +  />  +  c  +  R)} 

Along  with  this  equation  we  ha^•c  the  condition 

«:  =  H (^) 

Substituting  C  —  for  h  in  equation  (1)  and  putting  1  — C  =  ?, 
we  get  ^ 

p  _  ERaci 

~  CaR{(c  +  R)a  +  cR  +  ^(«  +  c)  +/(c  +  R)  +fg} 

-\-ac{cn+f{c  +  n)+fg)  +  cR{g{a  +  'c)-\-fg]+c-fg 

We  have  to  find  when  this  quantity  is  a  maximum,  R  being 
supposed  constant.  It  will  be  found  more  convenient  to  take 
the  reciprocal  of  G  and  solve  for  a  minimum.     We  have 

|i  =  R  +  2(.  +  ,)  +  4  +  (^  +  'j)("^f)  +  S+/-,+  .?(£±Z) 

+'i+-  ■  •  («) 

neglecting  0  and  making  i  very  small. 

Diii'erentiating  this  quantity  with  respect  to  a  and  v  respec- 
tively, we  obtain 

±^_       R  +  gr  +  c       r;{R(c+/)  +  c/}  . 

rfa  G  ~  c  Ra'^  J        •     •     K'^) 

^   Ei    ^        g{B.{c+f)+cf\  .    . 

dd'  a  ^  Vicr"  ' ^^ 

±m    _      (R+^)(a+/)      (a-H^)(R+/) 

dc  G    ~  c''    '        ■*"  Ra  '       •  ^^ 

^  Ei  _      (R+^^)(a+/) 

rfc^  G  ~  "^  ?  ' ^^^ 

^•^     E.  _  _  /  R+^  .  KR+/)  1  .o>, 

da.dc   Cr~       \     c'     "^      R«2      / vo; 
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Equating  (4)  to  zero,  we  get 

''-      Il(R  +  ^  +  c)    •       •     ■ ^^^ 

Equating  (6)  to  zero,  we  get 

^,_Ra(R  +  ^)(a+/)  ..(.. 

---    («  +  ^^)(E+/) ^     ^ 

Substituting  for  c  in  (9),  we  find 

ga{n^g){a+f)       f  Ra(R  +  a)(a+/)  l^    . 

t    (a+^)(R+/)    /    +^+^ 

the  positive  signs  before  the  radicals  only  being  taken,  as  a  and 
c  are  essentially  positive. 

After  reduction,  all  the  factors  being  retained,  this  expres- 
sion takes  the  form 

(^2_^^)2^^_t^  ]R(a+/)(a+c/)-a(R+/)(R+y)J  =0. 

Hence  we  have 

«(?+£)  =0,  and    .•.a  =  0; 
a  +  g 

or 

a2-^/'=0,  and   .-.  a=<^; (12) 

or  . 

(R-a)(/(^-Ra'=0,  and  .-.  «  =  R  or  Jl. 

R 

On  examining  equation  (11),  it  will  be  found  that  the  latter 
two  roots  refer  to  the  equation  when  the  negative  signs  are 
taken  before  the  radicals. 

From  equations  (9)  or  (10)  we  see  that,  when  o  =  0,  c  =  0; 
and,  again,  when  a=-\/fg, 

'=\/W (-) 

Substituting  these  values  in  equations  (5),  (7),  and  (8),  it 
appears  that  <t  =  0  and  c  =  0  neither  give  a  minimum  nor  a  maxi- 
mum, but  that  a=  Vfg  and  c=  \/  -^^ — -7-^  always  give  a 
maximum  value  for  Gr.  J 

This  leads  to  a  very  simple  rule  for  the  adjustment  of  the 
bridge,  because,  no  matter  what  the  resistance  to  be  measured 
may  be,  the  resistance  a  should  have  a  perfectly  definite  value. 
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and  then  the  subsequent  adjustment  of  c  is  easy  after  a  first 
rouo;h  test  for  R. 

The  effect  of  using  the  resistances  given  by  this  rule  is  very 
striking,  and  is  illustrated  by  means  of  the  subjoined  curves. 

The  first,  second,  and  third  sets  of  curves  (Plates  IV.  <fcV.) 
show  the  effect  of  using  a  value  of  (/  differing  more  and  more 
from  \^/g,  the  value  of  c  being  in  each  case  determined  so  as  to 
give  the  best  effect  for  that  particular  value  of  a.  An  examina- 
tion of  the  curves  will  show  that,  for  any  particular  battery  and 
galvanometer,  the  resistance  which  is  best  measured  is  that 
which  is  equal  either  to  the  resistance  of  the  galvanometer  or  the 
battery,  the  arrangement  being  equally  sensitive  for  both.  Care 
must  be  taken,  however,  not  to  confound  this  with  the  best  ar- 
rangement for  measuring  the  resistance  here  referred  to;  for  it 
does  not  follow  that  no  better  arrangement  can  be  made  for  the 
measurement  of  a  resistance  because  it  is  the  one  which  gives 
the  best  result  in  a  particular  arrangement.  For  instance,  if 
we  have  a  battery-resistance  100  and  galvanometer  10,  we  find 
the  greatest  sensibility  will  be  obtained  when  R=10  or  100  ; 
but,  as  we  shall  see  betew,  if  the  battery  be  rearranged  so  that 
/shall  also  be  10,  a  still  greater  degree  of  sensibility  will  be 
obtained  for  the  measurement  of  the  resistance  10. 

The  fourth  set  of  curves  (PI.  YI.)  illustrates  the  effect  of  vary- 
ing the  ratio  of  a  to  c  from  that  which  gives  the  best  effect.  In 
these  curves,  then,  a  is  supposed  constant,  while  c  varies — the 

abscissae  being  proportional  to  c  and  the  ordinates  to  ^  ^9 

i.e 
where  e  denotes  the  electromotive  force  per  unit  of  battery- 
resistance.     In  the  first  three  sets  of  curves  the  abscissse  are 

proportional  to  a  and  the  ordinates  to  — : — ^.     It  must  be  ob- 

ser^^ed,  however,  that  in  the  third  set  the  ordinates  are  ten 
times  greater  than  they  would  be  if  plotted  to  the  same  scale 
as  the  first  and  second  sets.  Curves  II.  and  III.  of  the  third 
set  are  shown  on  the  right-hand  side,  with  their  abscissae  also 
multiplied  by  ten. 

Pakt  II. 
The  second  case  investigated  is  that  in  which  the  galvano- 
meter-resistance is  also  supposed  to  var\^,  the  battery-resistance 
being  supposed  constant  in  this  case.  This  assumption  is 
made  with  regard  to  the  battery,  because  for  any  given  value 
of  E  the  maximi;ni  liiect  is  obtained  when/=0.  It  is  to  be 
remembered,  then,  that  diminishing  /  always  increases  the 
sensibility  of  the  bridge. 
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In  this  case  the  number  of  turns  of  wire  in  the  coil  of  the 
galvanometer  has  a  considerable  influence  on  the  result,  and 
hence  comparison  between  the  sensibility  in  one  case  and 
that  in  another  when  the  galvanometer  has  been  changed  is 
difficult.  I  have  assumed  in  the  present  investigation  that  the 
galvanometers  are  all  such  that  thej-  will  give  deflections 
=sAG\/y,  where  A  is  a  constant,  which  must  be  the  same  for 
each  instrument.  ^ . 

From  equation  (3)  we  may  express  p    /-  in  the  form 

^   ,    = j^,  Avhere  Ci,  Cg?  ^s  are  constants; 

.'.  for  a  minimum 

a         c  a         ati 

_  (E  +  2f)nac  +  Ra\a  +/)  +  ac'(B  +/)  +  a'cR 
■"       2acR  +  acf+  aR(rt  +/)  +  cR(c  +/)  +  c^ 

_    (R  +  c){/(R  +  c)  +  R(a  +  c)} 
""*  (a  +  c){/(R  +  c)  +  R(a  +  c)} 

a  +  c  ^     ' 

We  have  now  to  combine  this  value  of  ci  with  the  values  of 
a  and  c  previously  found,  namely 

«'=/^, (12) 

""  ~     R+/    ' ^^ 

c  +  R  f^.s, 

O'^-^c (^*> 

From  (12)  and  (14)  we  get 

.c  +  R. 

■    «  +  c 

and 

fn-a^ 
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Substituting  this  value  in  (13),  we  obtain 

(Il+/)(/R-«7^  =  (a-/yR(R/+a2); 

.-.  (R3  +  2R2rt-3Ra2)/-a2(3R'-^-2Ra-«3)  =  0; 

.-.  (R-ff){R  +  (R  +  3a)-a2(«  +  3R)}  =  0. 

And  R  =  a  is  one  root.     There  remains  the  cubic  equation 

a^  +  3a2R-3aR/'-Ry=0,     .     .     .     .     (15) 

which,  when  solved  in  the  ordinary  way,  assumes  an  irredu- 
cible form.  It  is  more  convenient  to  retain  the  equation  as  it 
stands,  and  solve  by  approximation  for  the  numerical  root  in 
particular  cases. 

It  will  be  noticed  that  R  =  a  is  not  a  root  which  generally 
satisfies  the  equation,  because,  by  equations  (12)  and  (14), 
/=  R  in  that  case,  which  is  contrary  to  the  hypothesis  of  / 
being  a  constant.  Equation  (15),  however,  provides  a  maxi- 
mum value  of  Gc^ g  ;  and  hence  this  is  the  root  required. 

The  following  table  shows  the  calculated  values  of  a,  c,  and  g, 
corresponding  to  the  battery-resistances  (  /')  and  the  resistances 
to  be  measured  (R),  given  in  the  first  and  second  colunms  re- 
spectively.    The  advantage  obtained  by  increasing  /  is  plain 

from  the  increased  value  of  -, — ^,  as  shown  in  the  last  column. 

i.e   ^ 

The  same  thing  may  be  readily  observed  by  examining  the 
fifth  set  of  curves.     The  abscissae  of  these  curves  represent 


battery-resistance,  and  the  ordinates  the  value  of 


i.e 


f. 

E. 

a. 

c. 

9- 

1 

1 

001 

0-42 

0-065 

j       0-176 

00123 

,, 

0-10 

0-44 

0-20 

'       0-194 

0-0417 

„ 

100 

1-00 

1-00 

1-000 

0-0625 

„ 

1000 

2-30 

3-73 

5-290 

0-0424 

,, 

100-00 

6-23 

11-70 

38-810 

0-0140 

" 

1000-00 

18-76 

36-12 

352-000 

0-0052 

10 

0-10 

1-60 

0-188 

0-2.56 

0-054 

„ 

1-00 

4-38 

1-630 

1-918 

0-131 

„ 

1000 

1000 

10-000 

10000 

0-197 

l> 

10000 

22-70 

37-06 

51-53 

0-142 

" 

1000-00 

62-00 

121-00 

384-40 

0-054 

50 

10-on 

28-6 

14-8 

16-36 

0-343 

» 

100-00 

63-0 

77-0 

80-00 

0427 

" 

100000 

1510 

262-0 

459-00 

0-469 
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Part  III. 

The  third  case  is  that  in  which  all  the  resistances,  except 
that  to  be  measured,  may  be  varied. 

If  we  consider  the  battery  only  to  vary,  we  obtain  the  best 
arrangement  when  the  greatest  total  current  flows  through  the 
bridge ;  and  this  leads  at  once  to  the  equation 

/=».Ti ("> 

Now,  equations  (12)  and  (13)  taken  together  give  the  best 
arrangement  when  the  battery  and  galvanometer  are  constants, 
while  (14)  gives  the  best  arrangement  when  the  galvanometer 
is  the  only  variable.  By  treating  these  four  equations  as 
simultaneous  we  evidently  obtain  the  best  arrangement  when 
every  thing  may  be  varied. 

From  (14)  and  (16)  we  get  (/f=a'R  ;  hence  from  (12)  we 
have  a  =  R;  and  consequently  by  (14)  g  =  a. 

Substituting  in  (13),  we  find  c  =  R  ;  and  we  are  led  to  con- 
clude that,  for  the  best  etfect, 

a  =  6  =  c  =  Il  =  (7  =/'. 
When  the  resistance  of  the  electrodes  in  the  battery  circuit 
is  taken  into  account,    the  equations    become    (?•  being  the 
resistance  of  the  electrodes) 

a=^/g{f+r), (17) 

.=  v^R(/+.')(R+^)  ns) 
RTTT^; — '    ....    (i«) 

^="^Vc^ ^1^) 

/=^S+^'' (20) 

From  (17)  and  (19)  we  get 
Again,  from  (17)  and  (18)  we  get 


a 


■^ 


^=^7iZrR2-^- (22) 


c 


Combining  (21)  and  (22), 


-Tf  a  —  c  Re  ._^. 
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Subtracting  (20)  from  (21),  we  get 

^=^^-^>^-2" (24) 

Substituting  from  (23)  in  (24),  wc  obtain 

r*-4Rc3  +  3RV  +  2r(R  +  f)  =  0. 
Similarly  Ave  may  obtain 

a*  +  2Ra3-{6Rr  +  3R2}a2_8R7-a-2RV  =  0. 

By  solving  either  of  these  equations  for  any  particular  case 
the  value  of  «  or  c  may  be  obtained  ;  and  then  the  values  of  the 
other  quantities  may  be  easily  got  from  equations  (19),  (20), 
and  (23). 

This  case  can  only  have  interest  when  it  is  not  practicable 
to  reduce  the  electrode  resistance  considerably  below  that  of 
the  battery. 

XXXVI.  Liquefaction  and  Cold  prodiiced  hj  the  nnitual  Reac- 
tion of  Solid  Substances.     By  Miss  Evelyn  M.  Walton*. 

THE  mixing  of  two  dry,  finely-powdered  salts,  one  or  both 
containing  water  of  crystallization,  is  often  attended  by 
liquefaction  with  decrease  of  temperature,  which  in  many  in- 
stances is  very  marked;  and  sometimes  there  is  also  a  decided 
change  in  colour. 

A  transparent  homogeneous  liquid  is  sometimes,  though 
rarely,  obtained;  but  generally  the  liquid  holds  in  suspension 
an  insoluble  compound  or  an  undissolved  salt  either  in  the 
hydrous  or  anhj'drous  state;  and  sometimes  the  consistency  is 
that  of  a  stiff  paste. 

Uistory. — It  has  long  been  known  that  freezing-mixtures 
may  be  made  by  mixing  some  salt  with  ice  or  snow;  and  in 
1875-6  Guthrief  determined  the  lowest  attainable  temperature 
of  quite  a  large  number  of  such  mixtures.  He  found  that 
the  lowest  temperature  obtained  with  any  given  salt  was  the 
same  whatever  its  initial  temperature;  also  that,  within  certain 
Avide  limits,  this  was  independent  of  the  proportions  used. 

The  earliest  allusion  I  find  made  to  freezing-mixtures 
formed  by  the  use  of  salts  only,  is  in  the  ninth  Aolumel  of 
Silliman^s  Journal,  where  Ordway,  in  a  paper  on  Nitrates 
mentions  experiments  in  which  the  mixture  of  ammonium 
bicarbonate  with  In-drated  iron  nitrate  and  with  hydrated  alu- 
minum  nitrate  was  followed  by  a  reduction  of  temperature 

*  From  the  *  American  Jom-nal  of  Science '  for  September  1881. 
t  Phil.  Mag.  [4]  xlix.  p.  210.  X  II.,  ix.  pp.  30,  31,  33, 
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from  58°  to  -5°  F.,  and  from  51°  to  -10°  respectively. 
Subsequently*  he  mixed  nitrate  of  iron  \vitli  Glauber's  salt, 
and  obtained  a  reduction  of  32°  F. 

Berthelot,  in  bis  recent  work  on  Thermo-Chemistry,  devotes 
a  brief  space  to  the  subject;  and  the  Comptes  Rendus,  vol.  xc. 
pp.  1163,  1282,  contains  a  communication  from  Ditte  calling 
attention  to  this  wonderful  phenomenon.  He  considers  the 
use  of  concentrated  acids  with  hydrated  salts,  also  mixtures 
composed  solely  of  salts.  An  example  is  given  of  ammonium 
nitrate  and  hydrated  sodium  sulphate  mixed  together  in  a 
mortar,  the  loss  of  heat  being  about  20°  C. 

Liquefaction  of  Salts. — ^As  far  as  we  know,  when  any  salt 
soluble  in  water  is  mixed  with  ice,  liquefaction  is  sure  to  fol- 
low, and  the  minimum  temperature  is  below  0°  C.  But  when 
salts  only  are  taken,  the  case  is  different. 

In  some  instances  liquefaction  is  very  e"\"ident,  in  others 
there  is  none  at  all,  and  in  still  others  it  is  doubtful ;  while  the 
loss  of  heat  is  sometimes  great,  sometimes  very  slight,  accord- 
ing to  the  amount  of  liquefaction.  Whether  moistenino-  will 
take  place  or  not  must  be  decided  in  nearly  everv  case  bv 
actual  trial;  and  in  the  preliminary  experiments  made  with 
reference  to  this  point,  I  have  mixed  the  substances  in  a  wedg- 
wood  mortar. 

From  a  large  number  of  trials,  the  following  conclusions 
have  been  drawn: — 

1.  As  a  rule,  it  is  necessary  to  liquefaction  that  one  of  the 
solid  substances  used  should  be  hydrated. 

2.  It  is  not  necessary  that  each  solid  should  be  a  salt. 
Moistening  sometimes  follows  the  mixing  of  a  salt  with  an 
acid,  a  salt  with  a  base,  or  a  base  ^\\ih.  an  acid. 

-C.r. — Calcium  chloride  (CaCl2.6H2  0)  with  tartaric  acid 
(C.HeOe). 
Sodium  sulphate  (Naa  SO4 .  10 H2  0)  with  potassium 

hydrate  (KOH). 
Potassium  hydrate  (KOH)  with  tartaric  acid  (CiHgOe). 

3.  As,  in  the  case  of  liquids,  metathesis  will  take  place  if  a 
compound  insoluble  in  the  menstruum  can  be  formed,  so  with 
solids,  if  such  a  compound  can  result,  metathesis  is  probable 
with  liquefaction. 

4.  If,  by  mixing  two  salts,  an  insoluble  compound  is  pro- 
duced, a  mixture  of  two  others  like  the  new  ones  formed  will 
not,  as  a  general  thing,  be  attended  by  liquefaction. 

5.  When  no  insoluble  compound  is  formed,  four  bodies  are 
probably  contained  in  the  product,  metathesis  being  partial ; 

*  II.,  xxvii.  p.  15. 
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for  it  is  sometimes  observed  that  liquefaction  seems  equally 
marked,  whether  the  two  original  salts  are  mixed  or  the  two 
bodies  formed  by  their  interchange. 

G.  The  rule  among  liquids  in  regard  to  weak  and  strong 
acids  and  bases  seems  to  jjrevail  with  solids  also,  their  action 
tending  to  promote  or  impede  liquefaction. 

7.  When,  by  the  admixture  of  two  salts,  oxidation  or  reduc- 
tion can  take  place,  there  is  again  probability  of  liquefaction. 

J5:.r.— SnCls .  2  H2  0  with  HgCla  liquefied. 

Fe2Cl6.12H2  0       „ 
CUCI2.2H2O 
„  „  PbOlg  no  liquefaction. 

In  the  last  no  change  by  reduction  is  possible. 

A  new  Substance. — A  notable  exception  to  the  rule  men- 
tioned above  (that  one  salt  at  least  should  be  hydrated),  is  that 
of  AgNOs  niixed  with  HgCl2.  When  these  are  rubbed  together 
there  is  decided  moistening,  which  would  seem  to  prove  that 
there  is  such  a  body  as  anhydrous  nitrate  of  mercury  liquid  at 
ordinary  temperatures.  On  adding  water  a  large  residue  of 
silver  chloride  is  observed. 

Evidences  of  Chemical  Change. — When  salts  capable  of  meta- 
thesis are  mixed,  in  addition  to  liquefaction,  change  of  colour, 
formation  of  an  insoluble  compound,  and  escape  of  a  gas  are 
proofs  of  chemical  reaction. 

An  important  difference  sometimes  noticed  between  mix- 
tures of  salts  in  the  solid  and  the  liquid  form  is  the  escape,  in 
the  former  case,  of  some  gas,  as  Cg  H4  O2,  CO2,  HCl,  or  NH3. 
The  gas  is  dissolved  by  a  liquid  solution  and  eludes  observation. 

Classification. — Cases  of  liquefaction  may  be  divided  into 
two  classes — the  first  including  those  in  which  there  is  mutual 
exchange  of  base  or  acid,  the  second  those  in  which  there  is 
no  interchange. 

The  mixture  of  lead  nitrate  with  sodium  carbonate  is  an 
example  of  the  first  class.  There  is  metathesis,  and  we  obtain 
lead  carbonate,  sodium  nitrate,  and  ten  equivalents  of  free 
water. 

Pb  (N03)2  +  Nas  CO3 .  10  H2  0 
=  PbCOg  +  2  NaNOa  + 10  Ho  0. 

Ui/drated  Product. — When  iron  nitrate  is  mixed  with  cal- 
cium chloride,  thirty-six  equivalents  of  water  in  some  form 
are  obtained. 

Fe2  (N03)6 .  I8H2  0-H3[CaCl2 .  6H2  0] 
=  Fe2Cl6  +  3Ca(N03)2  +  36H2  0. 
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Having-  mixed  equivalent  weights,  the  product  was  dried  on 
the  smooth  surface  of  a  plate  of  plaster  of  Paris,  which  absorbed 
the  moisture ;  and  an  analysis  showed  the  two  new  salts  ob- 
tained to  be  hydrated. 

Therefore 

Fe2  (N03)6 .  18 H2  0  +  3[CaCl2 .  6H2  0] 
=  FeoClo.l2HoO*  +  3[Ca(N03)2.4H2  0]  +  12H2  0. 

This  experiment  was  repeated  with  a  mixture  of  Feo(N03)e . 
18  H2  0  with  NaCl,  also  of  CaCNOs)^ .  4H2  0  with  MgSO, . 
7  Ho  0  ;  and  the  first  product  was  found  to  contain  iron  chlo- 
ride, the  second  nitrate  of  magnesium,  both  in  the  hydrated 
form. 

At  the  more  or  less  low  temperature  due  to  liquefaction, 
there  is  naturally  a  tendency  for  salts  to  crystallize  out  from 
the  saturated  solution. 

The  crystalline  character  is  sometimes  perceptible  to  the 
senses;  for  the  product  often  contains  grains  much  coarser 
than  did  the  finely-powdered  salts  first  taken. 

Effect  of  Temperatiire. — Experiments  show  that  sometimes 
liquefaction  takes  place  readily  at  a  temperature  somewhat 
elevated,  but  not  at  all  at  a  low  temperature.  A  mortar  and 
pestle  which  had  been  warmed  by  hot  water  were  occasionally 
used,  care  being  taken  that  the  heat  should  not  be  great  enough 
to  cause  either  of  the  original  salts  to  melt  in  their  water  of 
crystallization. 

When  two  salts  capable  of  metathesis  are  mixed,  chemical 
action  apparently  begins  immediately  at  every  point  of  con- 
tact. But  there  is  a  limit  to  the  fineness  of  division  which 
may  be  effected  by  mechanical  means;  and  the  substance 
consists  of  minute  grains  coated  on  the  outside  with  the  new 
product,  while  remaining  unchanged  at  the  interior. 

Yv^hen  liquefaction  ensues,  the  interchange  is  continued, 
either  because  by  removing  the  particles  of  the  product  new 
surfaces  are  presented,  or  because  the  liquid,  penetrating  the 
granules,  separates  them  into  their  molecules. 

If  the  salts  taken  furnish  little  or  no  water  in  excess  of  that 
required  to  combine  with  the  new  ones  formed,  the  process  of 
interchange  apparently  soon  ceases,  unless  sufficient  heat  is 
supplied  to  prevent  the  constituents  of  the  product  from  assu- 
ming the  solid  form. 

Difficultli)  Soluble  Salts. — ^Vhen  salts  difficultly  soluble  are 
used,  moistening  follows  but  slowly,  if  at  all.     The  molecules 

*  It  was  found  that  FeaCl^ .  I2H2O,  and  not  Fe^Clg.eH^O,  was 
formed. 
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of  such  substances  are  not  easily  separated  with  a  limited 
supply  of  water,  especially  at  a  reduced  temperature. 

Liquefaction  icithont  Chemical  Reaction. — The  second  class 
referred  to  above  includes  mixtures  of  salts  of  the  same  base, 
or  having  the  same  acid  ;  and  although  it  seems  to  be  the  ex- 
ception rather  than  the  rule  that  there  should  be  liquefaction 
in  such  cases,  yet  this  sometimes  occurs. 
Ex.—Fq2  Cle .  6  H2  0  with  Fe2(N03)6 .  18  H2  0,  liquefied 

FeCl2.4H2  0* 
FeS04.7H2  0 

„  „    FcsCle.GHgO  „ 

NasCgHoO^.iJHgO     „    PIA  H2  O2 .  SHj  O       „ 

„  „    Ko  C2  H2  O2  „ 

„  „    ZnC2  H2  O2 .  3  H2  0       „ 

Na2SO4.10H2O  „    ZniSO^.THoO 

„  „    Lio  SO4 .  Ho  0  ,, 

CaCl2.6H2  0  „    Fe2Cl,.12H2  0  „ 

„  „    CUCI2.2H2O  „ 

Some  interesting  experiments  with  caustic  soda  (NaOH) 
showed  that  when  it  was  used  with  any  hydrated  sodium  salt 
the  combined  water  was  liberated,  evidently  to  satisfy  the 
affinity  of  XaOH  for  water. 

KOH  was  also  used  with  various  hydrated  salts;  and  in 
every  instance  liqueftiction  ensued.  Apparently  the  hydrated 
salt  was  attacked  for  the  sake  of  its  water;  and  the  first  reac- 
tion seems  to  be  appropriation  of  water  by  KOH,  which  is 
doubtless  followed  by  metathesis  in  most  cases. 

Liquefaction  in  the  examples  given  al)ove,  however,  can- 
not be  explained  in  this  way.  Neither  is  there  metathesis; 
and  evidently  double  salts  are  not  formed. 

Having  mixed  equivalent  weights  of  ZnS04 .  7H2O  and 
Na2S04 .  lOHqO,  the  composition  of  the  resulting  solid  part 
was  found  not  to  be  that  of  a  double  sulphate,  there  being  an 
excess  of  Nao  SO4. 

Equivalent  weights  of  CaCl2 .  6H2O  and  Ca(N03)2 .  4H2O 
were  mixed,  also  of  FegCle  •  I2H2O  and  FegCNOs), .  I8H2O, 
with  a  view  to  analysis;  but  in  each  case  the  thin  liquid  dis- 
appeared entirely  into  the  plaster  plate  used  for  absorption, 
leaving  only  a  stain  visible. 

Theory. — These  examples  must  be  similar  in  nature  to  mix- 
tures of  salts  with  ice,  which  result  in  liquefaction  and  solu- 
tion of  the  salts. 

*  Of  course  a  fenic  and  a  ferrous  base  are  not  strictlj'  the  same  ;  but 
ferrous  nitrate  is  too  unstable  a  body  witli  which  to  work  except  in  the 
coldest  weather. 
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That  the  cold  produced  when  ice  and  a  salt  are  mixed  is  due 
to  rapid  liquefaction  of  the  ice  is  plain  enough;  but  I  have 
seen  no  attempt  made  to  explain  the  cause  of  the  liquefaction, 
until  Ordway  last  year  announced  his  theory  of  the  ''■'  diflPusion 
of  solids  ''  in  an  address  *  before  the  American  Association 
for  the  Advancement  of  Science. 

We  know  that  the  molecules  of  a  body  are  in  a  state  of 
constant  oscillation,  and  that  if  a  salt  solution  be  placed  in 
contact  with  pure  water,  diflPusion  takes  place  until  the  mole- 
cules of  salt  are  equally  distributed  throughout  the  mass. 

So,  too,  when  the  solid  is  placed  in  water,  solution  follows, 
or,  in  other  words,  ditFusion.  Now,  when  a  salt  and  water, 
both  in  the  solid  form,  ai'e  in  contact,  there  is  probably  the 
same  tendency  to  interpenetration.  But  a  luixture  of  water 
and  salt  molecules  cannot  remain  in  the  solid  form  except  at 
a  low  temperature,  and  the  rigidity  of  the  solid  state  is  oyer- 
come,  because  oscillations  of  the  water  and  the  salt  molecules 
cooperate  to  produce  a  greater  motion. 

Graham  found  that  although  sodium  chloride  is  not  at  all 
deliquescent,  yet  the  saturated  solution  has  a  great  affinity  for 
water.  Therefore  when  the  smallest  quantity  of  the  salt  is 
once  in  solution  the  first  step  is  taken,  and  the  melting  of  the 
ice  continues  rapidly.  If  this  is  the  true  explanation  of  the 
action  of  sodium  chloride  on  ice,  the  problem  is  solved. 

When  salts  capable  of  metathesis  are  used,  this  physical 
phenomenon  is  complicated  by  chemical  reaction.  Liquefac- 
tion probably  results  Mhen  CaCl2 .  6 HgO  and  Ca(jS'03)2 .  4H2O 
are  mixed,  and  in  similar  cases,  because  the  crystallizing-point 
of  these  two  bodies  together  is  lower  than  for  each  alone — just 
as  the  freezing-point  of  salt  water  is  lower  than  that  of  fresh 
water,  and  as  the  fusing-point  of  an  alloy  is  sometimes  below 
that  of  either  of  its  constituents. 

Calorimeter. — For  further  experiments  in  which  the  reduc- 
tion of  temperature  might  be  measured  with  some  degree  of 
accuracy,  it  was  desirable  to  secure  a  closed  space  in  which 
radiation  and  convection  should  be  reduced  to  a  minimum, 
and  the  heat  of  the  surroundings  should  be  constant.  A  calo- 
rimeter was  therefore  constructed  somewhat  like  that  used  by 
Berthelot  in  some  of  his  investigations. 

It  consists  of  a  covered  circular  tank  of  fourteen-ounce 
tinned  copper,  of  about  twelve  gallons  capacity,  placed  in  a 
much  larger  \^'ooden  case,  the  space  between  the  walls  of  the 
tank  and  case  being  filled  with  loose  cotton. 

The  upper  surface  of  the  tank  has  four  wells,  each  to  re- 
ceive a  cylindrical  vessel  of  polished  german  silver  resting  on 
*  Proceedings  Aiuer.  Assoc.  Adv.  Science,  vol.  xxix.  p.  :?93. 
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cork  supports  and  liavinn-  an  air-space  around  and  under  it. 
Eacli  of  these  vessels,  containinf^  a  trlass  beaker  of  smaller 
diameter  (also  on  cork  rests),  is  furnished  with  a  closely-fit- 
ting cork  cover,  perforated  to  admit  a  thermometer  and  a 
slender  wooden  stirrer  consisting  of  an  upright  rod  with  cross 
arms  at  l)oftoni,  like  a  pug-mill. 

The  thermometers  have  each  a  long  stem  with  the  scale  on 
the  upper  part,  so  that  readings  even  to  —40*^0.  can  be  taken 
without  raising  the  bulb  from  the  mixture. 

The  tank  is  kept  filled  with  water*;  and  this  is  frequently 
agitated  by  a  stirrer  moved  with  a  crank.  The  stirrer  re- 
volves horizontally  in  the  bottom  of  the  tank;  and  having  two 
blades  like  a  propeller,  it  agitates  the  water  thoroughly  from 
bottom  to  top,  the  moistened  part  being  always  immersed. 
Over  the  whole  is  a  closely-fitting  wooden  cover,  also  perforated 
for  the  thermometers  and  stirrers. 

The  salts  to  be  mixed,  after  finely  pulverizing,  were  placed 
in  separate  beakers  within  the  calorimeter,  and  left  for  a  time 
to  acquire  a  uniform  temperature.  The  contents  of  one 
beaker  were  then  added  to  those  of  the  other,  the  cover 
replaced  as  quickly  as  possible,  and  the  whole  mixed  vigor- 
ously by  twirling  the  stirrer.  Liquefaction  generally  took 
place  in  five  to  ten  minutes;  and  observations  of  time  and 
temperature  were  then  taken,  slight  agitation  being  still  con- 
tinued. There  being  four  beakers,  two  experiments  can  be 
carried  on  at  the  same  time;  and  as  the  cover  is  not  in  a 
single  piece,  one  portion  can  be  removed  without  uncovering 
the  other  pair  of  beakers. 

Equivalent  weights  were  taken,  seventy  grams  being  used 
at  first;  but  this  was  afterward  increased  to  one  hundred  grams. 

From  the  following  observations  it  will  be  seen  that  the 
amount  of  radiation  and  convection  is  so  small  that  it  may  be 
disregarded. 

Mixture  of  Mn(N03)2 .  6H2O  with  NajCOs .  IOH2O. 

Temperature  of  water  of  calorimeter,  18*^  C. 

Time.  Temperatiu'e. 

0  miu.  19  C. 

4  „  -  9 

5  „  -10 

6  „  -10-5 

10  „  -10-5 

11  „  -10 
21  „  -  7 
25  „  -  5 

*  Water  of  any  decided  temperature  may  be  used. 
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Six  minutes  were  required  to  reach  the  lowest  point;  and 
during  the  next  five  minutes  there  was  a  gain  of  but  0°*5. 
Stirring  was  stopped  at  the  end  of  eleven  minutes. 

Lowest  attainable  Temperature. — In  addition  to  Guthrie's 
discoveries  alreadj'  mentioned,  he  found  that  when  two  salts 
were  used  with  ice  the  minimum  temperature  was  unlike  that 
of  either  alone,  each  exercising  an  influence  over  the  other. 

Most  of  my  experiments  with  the  calorimeter  were  made 
for  the  purpose  of  discovering  whether  or  not  the  lowest  at- 
tainable temperature  of  a  given  salt  when  mixed  with  ice  is 
the  same  if  that  salt  is  produced  in  a  freezing-mixture  of  two 
salts,  also  if  it  is  independent  of  the  initial  temperature  and 
the  proportions  used. 

The  hvdrated  sulphate  and  carbonate  of  sodium  were  each 
mixed  with  various  nitrates,  whereby  nitrate  of  sodium  was 
produced  and  a  sulphate  or  carbonate,  usually  an  insoluble 
compound,  which  I  thought  could  not  influence  the  result. 

The  lowest  attainable  temperature  of  sodium  nitrate  with 
ice  is  -17°  C. 

The  follo^ving  results  were  obtained  with  metals  whose 
carbonates  are  without  doubt  anhydrous  insoluble  com- 
pounds : — 


Pb(N03)2  with  NajCOg .  lOHoO 

Ba(N03)2  I  I 

Al2(N03)6.18H20  ," 

CuCNOaVeH^O    I  I 

)}  }}  >} 

With  the  nitrates  of  zinc,  manganese,  iron,  and  chromium 
the  results  were  not  so  free  from  modifying  influences  as  I 
had  anticipated,  basic  carbonates  being  formed  not  wholly 
insoluble  at  low  temperatures. 

The  interesting  fact  was  thus  revealed  that  ferric  carbonate 
or  basic  carbonate  exists  in  the  liquid  form  at  a  low  tempera- 
ture, say  —20"  C  The  colour  is  a  deep  red  ;  and,  as  the  mix- 
ture gradually  warms,  CO2  is  rapidly  given  off",  causing  the 
contents  of  the  beaker,  which  was  not  at  first  more  than  half- 
filled,  to  overflow  and  insoluble  FcjOs  to  be  deposited. 

*  An  insufficient  quantity  was  taken, 
t  Liquefaction  proceeded  very  slowlv. 

Fhil.  Mag.  S.  5.  Vol.  12.  No.  75.  Oct.  1881.  Z 


Initial 

Lowest 

temp. 

3  19°C. 

temp. 
-17° 

Loss. 
36° 

0 

-17 

17 

21-3 

-13-7* 

35 

-   1 

-17 

16 

14 

-18 

32 

-  4 

-18 

14 

16-5 

-18 

34-5 

-  2 

-15  t 

13 
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Mn(N03)2.6H20  with  Na^COg.  lOII^O 
Zn(N03)r.6H20    " 


Cr2(N03)6.18H20„ 
Fe2(N03)6.18H20„ 


Initial 

Lowest 

temp, 
o 

18 

temp. 

o 

-u 

Loss. 

o 

32 

-  2 

-20 

24 

20 

-lC-7 

36-7 

-   1 

-21-5 

20-5 

-  3 

-22 

19 

13-5 

-17 

30-5 

10-5 

-17 

27-5 

-  3 

-24 

21 

It  will  be  seen  from  these  and  the  following  results  that  the 
minimum  temperature  is  not  independent  of  the  initial  tempe- 
rature ;  it  was  also  found  that  the  lowest  point  varies  with 
the  proportions  taken  : 

Initial  temp.      Lowest 
1st.     2ncl.  temp. 

Pb(N03)2  withNaaCOg.lOHaO     45°    22°*     -12°5 

Fe2(N03)6.18H20     „  „  39     32        -  4 

A]2(N03)6.18H20     „  „  37     32        -  2 

With  the  nitrates  of  magnesium  and  calcium  the  tendency 
to  metathesis  is  so  slight  that  the  liquefaction  is  not  rapid 
enough  to  produce  any  great  degree  of  cold;  and  with  an  ini- 
tial temperature  of  —2*^  theroisno  liquefaction  whatever. 

The  time  allotted  for  the  completion  of  my  graduation 
thesis,  of  which  this  paper  gives  the  substance,  rendered  it 
necessary  to  suspend  for  the  present  the  continuation  of  these 
experiments.  This  work  was  undertaken  at  the  suggestion 
of  Professor  Ordway,  to  whom  the  subject  has  been  one  of 
interest  for  some  years,  but  whom  the  })ressure  of  other  duties 
has  prevented  from  pursuing  an  investigation.  He  has, 
however,  given  considerable  thought  to  the  matter,  one  of 
the  results  of  which  is  his  theory  of  the  "  ditiusion  of  solids." 
His  predictions  that  there  may  bo  liquefaction  without 
chemical  reaction,  and  that  the  product  obtained  fi'om  the 
mixture  of  salts  is  sometimes  hydrated,  were  both  confirmed 
by  the  results  of  my  work.  He  devised  the  calorimeter 
which  was  used ;  and  1  am  indebted  to  him  also  for  valuable 
suggestions  and  advice. 

Mass.  Inst.  Technology,  June  3,  188L 

*  The  temperature  of  NajCOg .  IOII2O  could  not  be  raised  so  high  as 
that  of  the  otner  salts,  without  melting. 
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XXXVII.  Note  on  a  new  Method  of  Measuring  certain 
Chemical  Affinities.     By  Alfked  Tribe*. 

WHEN  ca  metal  is  immersed  in  an  electrolytic  field  (i.  e. 
in  an  electrolyte  in  the  act  of  electrolysis),  and  the 
electromotive  force  set  up  on  any  part  of  its  surface  sufifices 
to  overcome  the  afiinities  of  the  radicals  of  the  medium,  the 
positive  ion  separates  on  that  part  of  the  surface  which  may 
be  supposed  to  have  received  —  electrification,  and  the  nega- 
tive ion  on  that  part  which  receives  +  electrification. 

When  the  metal  is  in  the  form  of  a  rectangular  plate  and 
placed  so  that  the  lines  of  force  are  perpendicular  to  its  sur- 
face, the  maximum  electromotive  force  set  up  is  on  the  central 
parts  of  such  a  plate,  becoming  less  towards  the  edges,  where, 
and  for  some  little  distance  from  which,  it  is  insufficient  to 
initiate  electrochemical  action. 

When  the  rectangular  plate  is  placed  in  the  electrolytic 
field  so  that  the  lines  of  force  are  parallel  with  one  of  its  edges, 
the  maximum  electromotive  force  is  on  the  end  of  the  plate, 
becoming  less  and  less  towards  the  central  parts  until  it  no 
longer  suffices  to  bring  about  electrochemical  action.  This  is 
denoted  by  the  boundaries  of  the  deposits,  which  in  many  cases 
are  very  sharply  defined.  A  plate  in  fact,  in  the  position  just 
named,  may  be  regarded,  in  so  far  as  electrical  power  is  con- 
cerned, as  a  series  of  pairs  of  electrodes,  the  limits  of  the 
electro-deposits  representing  a  pair,  the  electromotive  force  of 
which  is  just  incapable  of  resolving  the  electrolyte  into  its 
constituent  ions  (Proc.  Rov.  Soc.  nos.  20y,  214,  1881;  Phil. 
Mag.  vol.  xi.  p.  446,  1881)": 

The  very  intimate  relation  between  electromotive  force  and 
chemical  affinit}-  was  a  long  time  ago  pointed  out  by  Sir  W. 
Thomson,  and  more  recently  in  an  elaborate  research  by  Dr. 
Wright.  It  was  therefore  anticipated  that  if,  in  a  series  of 
trials,  the  chemical  affinities  were  altered  while  other  circum- 
stances remained  the  same,  the  magnitude  of  the  intermedial 
space  between  the  boundaries  of  the  electro-deposits  would 
increase  along  with  the  force  required  to  overcome  the  affini- 
ties of  the  ions  of  the  electrolyte. 

A  series  of  experiments  with  molecular  solutions  of  the 
chloride,  bromide,  and  iodide  of  zinc  with  plates  {analyzers) 
of  silver,  copper,  iron,  and  zinc  showed  that  this  is  the  case ; 
?'.  e.  the  intermedial  space  with  the  chloride  was  greatest,  the 
bromide  less,  and  the  iodide  least.     Another  series  with  silver 

•  Commimicated  by  tlie  Author,  having  been  read  at  the  Meeting-  of 
the  British  Association,  York,  September  1881. 
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analyzers,  but  with  molecular  solutions  of  the  sulphates  of 
zinc  and  copjier,  showed  that  the  intermedial  space  in  the  case 
of  the  zinc  sul[)hate  was  much  the  greater.  Again,  another 
series  with  zinc  sulphate  showed  that  a  zinc  analyzer  gave  the 
least  intermedial  space,  iron  greater,  copper  greater  still,  and 
silver  most  of  all. 

This  method  atibrds  a  simple  means  of  demonstrating  differ- 
ences of  chemical  affinity  ;  but  whether  it  is  capable  of  giving 
more  than  approximative  measurements  will  require  further 
investigation  to  determine.  In  some  cases  secondary  actions 
are,  of  course,  set  up,  so  that  the  intermedial  space  would  repre- 
sent the  initial  electromotive  force  +  or  —  any  interfering 
electromotive  forces. 

Dulwich  College, 
August  1881. 

XXXVIII.   On  the  Number  of  Electrostatic  Units  in  the 
Electromagnetic  Unit. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 

Gentlemen, 

IBEGr  to  ask  you  very  respectfully  to  allow  me  to  publish 
a  few  lines  regarding  Dr.  C.  R.  A.  Wright's  letter  (the 
August  number  of  this  Magazine)  in  connexion  with  my  paper 
(Phil.  Mag.  Dec.  1880).  It  is  with  the  greatest  regret  that  I 
am  again  compelled  to  trouble  you  with  the  subject,  simply 
because  of  the  mistakes  (for  which  I  feel  extremely  sorry)  in 
the  simplest  part  of  my  pajjer,  \\:imc\y  pmtting  dozen  the  nume- 
rical figures  in  the  table  (p.  434,  Phil.  Mag.  Dec.  1880).  It 
should  stand  thus: — 

a.  r.  R.  Etana. 

44°  15  75  ohms       107*88  ohms      105-09 

42  45  80     „  112-88     „         104-34 

51  39  50     „  82-88     „         104-76 

.-.  the  mean  value  of  R  tan  «  =  104-73  x  10'  (C.G.S.). 

The  truth  was  that  I  was  trying  the  experiment  first  with 

m  I   ^^^'  **'  ^^^  changed  them  to  ^^  I  ohms  to  get  more 

convenient  deflections,  and  copied  down  Avrong  numbers  from 
my  notebook.  As  the  values  of  R  tan  a  were  several  times 
worked  out  and  examined  carefully  before  the  paper  was 
■written  (a  close  agreement  between  themselves  having  been 
observed),  I  was  so  certain  of  their  accuracy  that  every  time 
I  read  the  proof  I  passed  over  the  table.     As  to  the  mistake 
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in  the  numbers  0-904187  and  0-03438  (p.  433,  Phil.  Mag. 
Dec.  1880),  in  which  the  decimal  point  should  stand  on  the 
left  of  the  first  zero,  I  trust  you  will  take  it  for  granted  that 
it  is  a  misprint. 

I  have  the  honour  to  be.  Gentlemen, 

Your  most  obedient  Servant, 

R.  Shida. 
Japanese  Legation,  London,  W. 
September  4,  188L 


XXXIX.  Answer  to  Dr.  Wright's  Remarks  on  Mr.  Shida's 
Measurement  of  the  Number  of  Electrostatic  Units  in  the 
Electro-magnetic  Unit  of  Electromotive  Force.  5y  Andrew 
Gray,  M.A.,  Assistant  to  the  Professor  of  Natural  Philo- 
sophy/ in  the  University  of  Glasgow. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 
Gentle^iien, 

PERHAPS  I,  as  one  to  some  extent  cognizant  of  the  experi- 
ments the  accuracy  of  which  is  called  in  question  by  Dr. 
Wright,  may  be  allowed  to  say  a  few  words  in  reply  to  his 
letter  printed  in  your  last  number. 

The  discussion  originated  (as  Dr.  Wright  states  in  that  letter) 
in  his  remark,  in  the  Philosophical  Magazine  for  May  1881, 
that  the  assumption  of  the  equality  of  the  E.M.F.  of  a  Daniell's 
cell  when  generating  a  current,  with  that  of  the  same  cell 
when  its  poles  are  insulated,  would  introduce  an  error  in  the 
final  result  of  Mr.  Shida''s  research.  That  this  assumption 
was  not  made  has  been  already  explicitly  stated  by  Mr.  Shida; 
but  perhaps,  in  view  of  Dr.  Wright's  account  of  the  matter 
above,  it  may  not  be  amiss  to  sketch  shortly  the  method  of 
investigation  which  Mr.  Shida  employed. 

For  a  reason  which  will  presently  appear,  he  proceeded  in 
the  follo-o-ing  manner: — (1)  He  compared  by  means  of  a 
quadrant-electrometer  the  E.M.F.  of  a  battery  of  trav  Dauiells 
with  that  of  the  cell  chosen;  (2)  measured  by  means  of  a 
Thomson's  absolute  electrometer  the  electrostatic  value  of  the 
E.M.F.  of  the  same  tray  battery ;  (3)  repeated  the  quadrant- 
electrometer  comparison.  (Dr.  Wright  is  therefore  in  error 
in  stating  in  his  July  Note,  and  again  in  his  letter  of  last 
month,  that  the  quadrant-electrometer  comparison  was  made 
before  and  after  the  electromagnetic  valuation.  Yet  Mr. 
Shida's  statement  on  this  point  is  perfectly  free  from  ambi- 
guity.) These  experiments  were  several  times  repeated,  and 
afforded  plainly  a  means  of  measuring  accuratelv,  more  accu- 
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rately  than  if  the  cell  had  boon  applied  directly  to  the  absolute 
electrometer,  in  absolute  electrostatic  units  a  diti'erence  of 
potential  equal,  or  nearly  equal,  to  the  E.M.F.  of  a  Daniell's  coll, 
by  a  quadrant-electrometer.  Thus  the  quadrant-electrometer, 
a  much  more  convenient  instrument  than  the  absolute  electro- 
meter for  rapid  experimenting,  and  fur  the  j)ur|)os('  to  which  it 
was  to  bo  applied,  could  bo  used  in  the  remainder  of  the  inves- 
tigation, which,  as  appears  clearly  fi'om  Mr.  Shida's  jiaper, 
supplemented  by  his  note  in  the  June  number,  consisted  in 
the  measurement,  both  electrostiitically  and  elect romagneti- 
cally,  of  on^  and  the  same  electromotive  force. 

For  the  electromagnetic  measurement,  the  cell  was  placed 
in  circuit  with  a  resistance-coil  and  a  tanfjent-salvanometcr, 
and  the  current  measured  as  described  by  Mr.  Shida.  But  Mr. 
Shida  has  since  stated  that,  whih;  the  current  was  thus  flowing 
through  the  gaivanometer,  he  measured  the  ditference  of  poten- 
tials at  the  two  ends  of  the  external  resistance  by  the  quad- 
rant-electrometer, and  calculated  from  this,  by  a  simple  aj)pli- 
cation  of  Ohm's  law,  the  E.M.F.  of  the  cell  while  generating 
a  current.  There  could  therefore  be  no  question  here  of  [)ola- 
rization-error  ;  for  the  method  is  plainly  equivalent  to  deter- 
mining simultaneously,  in  both  kinds  of  units,  the  difference 
of  potentials  between  the  two  ends  of  the  external  resistance. 
These  measurements,  Mr.  Shida  has  told  me,  he  has  since  care- 
fully repeated  with  different  resistances  in  circuit,  obtaining 
results  wdiich  one  and  all  differed  only  very  slightly  from  xhv. 
E.M.F.  of  the  cell  with  its  poles  insulated.  Hence,  even  if 
the  assumption  deprecated  by  Dr.  Wright  had  been  made,  no 
appreciable  error  in  the  result  would  have  been  introduced. 
Of  course  I  do  not  overlook  the  tact  that  the  determination 
of  the  resistance  of  the  cell  by  the  ordinary  method  of  measu- 
ring the  difference  of  potentials  between  the  poles  of  the  cell 
when  insulated,  and  again  when  connected  by  a  known  resist- 
ance, will  be  in  error  if  there  is  a  diminution  of  E.M.F.  due 
to  polarization  in  the  latter  case  ;  but  even  a  considerable  per- 
centage of  error  from  this  cause  will  not,  in  the  calculation  by 
Ohm's  law  of  the  E.M.F.  of  the  cell  when  generating  a  cur- 
rent through  a  large  resistance  (such  as  that  used  by  Mr. 
Shida),  mask  the  diminution,  if  sensible,  of  E.M.F.  produced 
by  the  current  through  that  resistance. 

These  results  of  Mr.  Shida's  have  been  confirmed  by  expe- 
riments which  I  have  myself  made  to  determine  the  diminu- 
tion, if  any,  of  E.M.F.  caused  by  polarization  in  a  Thomson's 
gravity   Daniell*  similar  to   that  used   by  Mr.    Shida.      By 

*  This  cell  consists  of  a  copper  plate  about  720  square  centim.  in  area 
and  a  zinc  grating  of  nbout  the  same  area  separated  by  a  diaphragm  of 
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an  application  of  PoggendorfF's  method  of  compensation, 
in  which,  by  applying  the  poles  of  a  gravity  Daniell  to  two 
such  points  in  the  circuit  of  two  cells  of  the  same  kind  that 
no  current  was  caused  to  flow  through  the  derived  circuit  in 
which  the  first  cell  was  thus  placed,  the  E.M.F.  of  the  two 
compensating  cells  was  determined  in  terms  of  that  of  the 
compensated  cell,  the  resistance  between  its  poles,  and  the 
total  resistance  in  the  circuit  of  the  former.  By  using  two 
values  of  these  resistances,  and  assuming  that  the  electromo- 
tive forces  were  the  same  in  the  two  cases,  two  equations  were 
obtained,  from  which  the  E.M.F.  and  resistance  of  the  com- 
pensating-battery  could  be  calculated.  The  result  showed  that, 
with  a  total  resistance  of  about  10  ohms  in  circuit,  the  E.M.F. 
of  each  of  the  compensating-cells  was  diminished  by  only  about 
•G  or  "7  per  cent,  after  the  current  had  flowed  for  several 
minutes.  The  internal  resistance  of  the  two  cells  deduced 
from  these  experiments  agreed  within  about  1  per  cent,  with 
that  calculated  in  the  ordinary  way  from  the  readings  of  a 
quadrant-electrometer  when  the  battery-poles  were  applied  to 
it  (1)  insulated,  (2)  connected  by  a  resistance  of  1"96  ohm. 

It  should  be  stated  that  Mr.  Shida's  later  determinations  of 
V  were  made  exclusively  with  Thomson^s  tray  Daniells.  The 
plates  of  these  cells  are  about  2  feet  square,  and  the  resistance 
of  each  from  '04  to  *!  ohm.  Mr.  Shida  found  no  trace  of  pola- 
rization at  all  in  these  cells  with  the  resistances  he  used  in 
circuit. 

How  Dr.  "Wright  could  suppose  for  a  moment  that  any 
person  who  had  a  knowledge  of  Ohm's  law  could  confound 
the  difference  of  potentials  at  the  two  ends  of  the  external 
resistance  with  the  electromotive  force  of  the  cell  I  cannot 
imagine  ;  yet  it  is  on  this  supposition  that  his  long  note  in  the 
July  number  of  the  Philosophical  Magazine,  Mdth  its  allega- 
tion of  a  2-per-cent.  error  in  Mr.  Shida's  result,  is  founded. 
Surely  no  "explicit  statement"  on  the  part  of  any  one  was 
required  that  one  of  the  commonest  rules  of  electrodynamics 
was  observed  in  the  calculations  ! 

The  discrepancies,  however,  which  Dr.  Wright  points  out  in 
the  numbers  which  Mr.  Shida  has  given  in  his  paper  are  real, 
but  admit  of  easy  explanation.  I  find,  on  referring  to  a  report 
of  work  done  last  summer  furnished  by  Mr.  Shida  to  Mr.  J.  T. 
Bottomley ,  and  dated25th  July  1880,  which  includes  an  account 

vegetable  parcliment,  contained  in  a  large  sliallow  glass  vessel  filled  up 
with  a  solution  of  zinc  sulphate.  Crystals  of  copper  sulphate  are  placed 
in  a  glazed  earthenware  vessel  resting  on  the  zinc,  and  communicating  by 
a  glazed  earthenware  tube  with  the  liquid  immediately  above  the  copper 
plate. 


(1)  44  15-)  C 

(2)  42  45  >  corresponding  to  < 

(3)  51  31)  j  t 
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of  tlid  oxperiinonts  on  wliicli  Mr.  Sliida's  pa])or  was  founded, 
and  which  has  been  in  Mr.  Bottomley's  possession  over  since, 
the  following  statement  of  results: — 

"  Deflections,  «.  Resistance,  R  "  (in  ohms). 

"(1)     44  15)  C107-88 

""  112-88 

82-88 

"  Therefore  wo  get,''  in  C.G.S.  units 

"(1)     R  tan  a=  105-09, 

(2)  R  tan  a  =104-35, 

(3)  R  tan  «=  104-785*, 

"  and  the  mean  value  of 

"R  tana  =  104-73." 

It  is  plain  therefore  that  Mr.  Shida,  in  copying  down  from 

his  notebook  specimens  of  his  numbers,  inadvertently  wrote 

45°  15'  in  the  first  column  of  the  table  for  the  calculation  of 

R  tan  «,  and  in  the  second  column  gave  80  and  100  instead 

of  75  and  80  respectively.     The  table  ought  accordingly  to 

stand : — 

01.  r.  R.  Rtana. 


44  15 

75 

107-88 

105-09 

42  45 

80 

112-88 

104-34 

51  39 

50 

82-88 

104-76 

which  gives  Mr.  Shida's  average  value  of  R  tan  a,  viz.  104*73. 

I  do  not  think  that  Dr.  Wright's  letter  calls  for  further 
remark  from  me,  except  that,  whatever  may  be  the  influence 
of  these  "peculiar  numerical  aberrations"  on  the  minds  of 
readers  of  Mr.  Shida 's  paper,  we  may  take  it  for  granted  that 
they  had  had  no  effect  in  leading  Dr.  ^Vright  to  believe  that 
''  oversights  had  been  made  in  other  portions  of  the  research," 
or  that  precautions  not  mentioned  "were  probably  omitted;" 
for  if  these  aberrations  had  been  observed  by  Dr.  Wright 
before  he  wrote  his  note  in  the  July  number  of  the  Philoso- 
phical IMagazine,  he  would  probably  not  have  forgotten  them  • 
when  pointing  out  the  trifling  slip  in  misplacing  the  decimal 
point  in  the  statement  of  the  electrostatic  values  of  the  cell 
and  battery. 

I  have  the  honour  to  be.  Gentlemen, 

Your  obedient  Servant, 

Physical  Laboratoiy,  the  University,  ANDREW  Gray. 

Glasgow,  September  1881. 

*  Tliis  value  of  K  tan  u,  104-785,  has  obviously  been  written  by  a  slip 
of  the  pen  instead  of  104-755. 
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EXPLANATION  OF  AN  ANOMALY  IN  DOUBLE  CIRCULAK 
REFRACTION.      BY  M.  CROULLEBOIS. 

T^HE  two  inverse  circular  rays  have  a  sepai-ate  existence  outside 
-*-  the  quartz  ;  to  be  cominced  o£  this  it  is  sufficent  to  repeat 
the  following  experiment : — Taking  a  biquartz  of  60  millina.  thick- 
ness, we  pass  interfering  pencils,  polarized  or  natural,  through 
each  half;  we  then  receive  these  pencils,  superposed,  upon  the 
horizontal  slit  of  a  direct^'s^ision  spectroscope.  Under  these  con- 
ditions we  observe  two  distinct  systems  of  curved  longitudinal 
fringes  presenting  the  characters  of  inverse  circular  polarization. 
If  we  explore  the  common  field  directly  with,  the  lens,  we  get  two 
lateral  groups  of  vertical  fringes,  resulting  from  the  interference 
of  rays  of  the  same  gyration  unequally  retarded  in  the  biquartz. 

For  a  long  time  it  was  possible  to  believe  that  the  distance, 
estimated  in  fringes,  of  the  two  central  bands  gave  the  measure  of 
the  circular  birefringence  for  the  middle  rays  of  the  spectrum.  It 
is  far  from  being  so  ;  the  observed  is  always  greater  than  the  theoretic 
displacement.  For  example,  with  a  quartz  of  42  millim.  M.  Billet* 
ascertained  that  this  distance  amounts  to  24  fringes  and  is  more 
than  double  the  theoretic  value,  which  would  be  10-5.  My  pre- 
sent purpose  is  to  explain  this  disagreement  between  theory  and 
obsen^ation.  Even  in  white  light,  with  the  lens  only,  the  position 
of  the  central  fringe  is  often  doubtful  ;  with  the  spectroscope, 
employed  as  stated  above,  there  is  no  longer  any  uncertainty.  The 
central  fringe  is  always  delimited  by  the  two  black  lines  equally 
inclined  in  both  directions  from  the  vertical.  Having  made  this 
remark,  let  us  return  to  the  experiment,  and  suppose  that  the 
observer  has  the  group  of  circidar  fringes  to  the  left ;  the  central 
band  answering  to  the  different  colours  will  be  thrown  back  un- 
equally.    The  displacement  will  be  given  by  the  formula 

/=K.<?i"  — >i'), 

and  will  be  proportional  to  the  numbers  bS,  62,  70,  80,  87,  and 
100  respectively  for  the  lines  B,  C,  D,  E,  F,  G.  Thus  the  central 
fringe  of  the  violet  is  much  more  displaced  than  that  of  the  red, 
and  the  black  line  (place  of  those  central  fringes)  is  strongly  in- 
clined upon  the  vertical.  To  the  right  of  this  singular  line  BGr  the 
attendant  bands  become  more  and  more  oblique  ;  to  the  left,  on 
the  contrary,  they  reerect  themselves  ;  and  as  the  distance  between 
two  successive  bands  is  greater  in  the  red  than  in  the  violet,  on 
advancing  towards  the  left  we  shall  fijid  two  black  lines  inclined 
symmetrically :  it  is  there  that  the  central  fringe  IK  of  the  dis- 
placed system  must  be  formed.  But  how  many  fringes  must  we 
go  forward  to  meet  with  that  central  fringe  ?     Let  us  observe,  1st, 

*  Optique  physique,  t.  ii.  p.  243. 
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that  we  must  have  IB=KB,,  B,  being  the  projection  of  the  point 
B  upon  the  horizoutal  KG  ;  2udly,  that  tliere  are  as  many  fringes 
of  the  rays  G  as  of  the  rays  B.,  from  the  curve  BG  to  the  vertical 
IK.     Consequently  we  have  the  evident  relation 

whence 

?»=n-si. 

Accordingly,  besides  the  theoretic  displacement,  we  must  advance 
fi"81,  which  gives  12-06  fringes,  and  consequently,  in  conformity 
with  the  experiment,  24  fringes  for  the  displacement  of  the  two 
groups. 

A\"ith  my  biquartz  of  GO  millim.  I  iiavo  met  with  the  same  ex- 
aggeration. The  thickness  capalile  of  producing  the  retardation  of 
one  wave-length  upon  the  middle  ray  of  the  spectrum  is  usually 
estimated  at  8  millim.  ;  the  distance  of  the  centres  of  the  two 
lateral  systems  ought  therefore  to  be  15  fringes.  Now  it  is  found 
that  this  distance  reaches  the  figure  34  ;  and  this  exaggeration  of 
the  displacement  is  explained  as  above. 

According  to  the  formula  we  have 

\\hich  number  added  to  7"o  gives  17*2,  and  consequently  (very 
ajjproximately)  34  fringes  for  the  total  displacement. 

It  results  from  the  above  that  the  abnormal  displacement  of  the 
two  lateral  groups  receives  a  natural  explanation,  and  that  it  cannot 
be  taken  ad\autage  of  as  an  argument  against  Arago's  hypothesis. 
—  Comptes  Rendus  de  VAcademie  des  Sciences.  September  12,  1881, 
t.  xciii.  pp.  459-4G1. 


ON  THE  LIGHT  OF  COMETS.       BY  M.  RESPIGHI. 

The  appearance  of  the  fine  comets  h  and  c  1881  has  presented 
to  astronomers  the  opportunity  of  making  new  researches  upon 
the  light  of  those  stars  ;  and  the  results  obtained  by  spectroscopy 
and  photography  have  appeared  to  confirm  the  idea  that  their  light 
is  due  in  part  to  reflection  of  that  of  the  sun,  and  in  part  to  a 
light  which  is  the  cometary  matter's  own. 

There  is  no  doubt  as  to  the  fii'st  part  of  this  conclusion,  since  to 
the  proofs  already  acquired  Mr.  Huggins  has  succeeded  in  adding 
the  photograph  of  Fraunhofer's  lines  in  the  spectrum  of  comet  h 
1881 ;  but  on  the  second  point — that  is  to  say,  on  the  question  of 
knowing  whether  the  comet  emits  a  light  of  its  own,  due  to  a  real 
incandescence,  I  think  there  is  no  ground  yet  for  giving  an 
affirmative  decision.  Lideed  it  seems  to  me  that  the  discontinuity 
of  its  spectrum,  as  well  as  the  bright  lines  or  bands,  may  proceed 
from  the  same  cause,  namely  reflected  light,  if  regard  be  had  to 
the  modifications  which  that  light  must  have  undergone  in  passing 
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through  the  gases  and  vapours  which  constitute  the  entire  mass  of 
a  comet. 

It  is  certain  that  the  greater  portion  of  the  light  transmitted  by 
comets  comes  from  the  interior  of  their  mass,  and  that  it  has 
traversed  deep  strata  of  gas  or  vapours  ;  it  must  have  undergone 
there  the  elective  absorption  proper  to  those  vapours  and  to  the 
compounds  which  result  from  them.  It  is  therefore  natural  that 
dark  lines  or  bands  should  be  produced,  different  from  Frauuhofer  s 
lines,  which  are  peculiar  to  the  light  of  the  sun.  Thus,  besides 
the  fai]it  but  complete  spectrum  of  that  light,  produced  by  re- 
flection from  the  external  parts  where  the  absorption  is  insensible, 
another  spectrum  must  be  produced,  coming  from  the  deeper  parts 
and  greatly  modified  by  more  powerful  absorption. 

The  limits  of  a  mere  Xote  do  not  permit  me  to  enter  into  the 
details  of  my  numerous  spectroscopic  observations  of  the  comet 
h  1881  ;  but  I  can  affirm  that  they  appear  to  confirm  this  view ; 
that  is  to  say,  the  phenomena  do  not  seem  to  reqmre  the  inter- 
vention of  a  light  due  to  the  incandescence  of  the  cometary  matter. 
Hence  it  would  follow  that  the  discontinuitv  of  this  spectrum 
comes  from  the  same  cause  which  gives  rise  to  wide  dark  bands  in 
the  spectrum  of  the  sun  when  he  is  near  the  horizon,  or  in  the 
spectra  of  the  atmospheres  of  the  planets,  with  the  sole  difference 
that  in  the  comets  the  phenomenon  is  exaggerated  in  consequence 
of  the  enormous  thickness  of  the  absorbing  strata,  their  richness 
in  chemical  compounds,  and  the  faintness  of  the  light  which  they 
reflect  toward  us.  It  would  therefore  be  necessary,  for  the  spectral 
analysis  of  the  comets,  to  proceed  as  we  do  for  that  of  those  atmo- 
spheres-— that  is  to  say,  to  fix  our  attention  not  so  much  upon 
the  bright  bands  as  upon  those  which  owe  their  darkness  to 
absorption. — Comptes  Rendus  de  V Academic  des  Sciences,  oth  Sep- 
tember 1881,  t.  xciii.  pp.  439,  440. 


ON  THE  MAGKETIC  METALS.      BY  M.  GAIFFE. 

With  the  view  of  seeking  out  the  best  conditions  for  the  pre- 
paration of  magnets  of  cobalt  and  nickel,  of  which  I  have  the 
honour  to  submit  some  specimens  to  the  Academy,  1  tried  those 
metals  in  different  states. 

The  samples  which  were  used  for  the  trials  were  obtained  by 
means  of  the  electrochemical  processes  communicated  to  the 
Academy  by  Mr.  Adams  and  me  on  January  7,  1870,  and  Julv  15, 
1878,  by  employing  currents  of  suitable  intensity  for  rendering 
the  metals  very  hard. 

After  dividing  the  samples  into  bars  of  nearly  equal  dimensions, 
I  left  some  bars  of  each  metal  in  the  hard  state ;  others  were 
annealed ;  and  others  were  annealed  and  forged.  All  Mere  after- 
wards magnetized  in  the  same  manner,  and  the  maonetism 
measured  directly  with  the  magnetometer.  After  thirty-six  and 
seyentj-two  hours  of  rest,  it  was  measured  again. 
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Although  only  takeu  very  approximately,  these  measurements 
(recorded  in  the  annexed  Table)  will  neverthc^less,  I  hope,  suffice 
to  show  what  relatively  great  coercive  force  these  metals,  especially 
cobalt,  can  acquire  in  a  state  of  purity,  when  it  is  known  that  pure 
iron,  obtained  by  the  same  means,  ga\e  under  the  same  circum- 
stances only  inappreciable  deflections. 

For  completeness  I  add  that  some  examples  of  cobalt  which  took 
only  a  weak  magnetization  two  years  since,  when  I  made  these 
experiments,  became  strongly  magnetized  now,  without  having 
been  annealed,  and  having  lost  nothing  of  their  original  hardness. 

It  would  a  pi-iori  seem  that  the  feeble  coercive  force  of  these 
metals  when  they  issue  from  the  galvanoplastic  baths  is  due  to 
the  presence  of  hydrogen  in  combination  \\ith  them,  and  that  as 
soon  as  it  has  disappeared,  either  by  the  action  of  heat  or  by 
spontaneous  liberation,  nickel  and  cobalt  resume  their  real  coercive 
force.  In  that  case  the  action  of  hydrogen  would  be  analogous  to 
that  of  the  metals  which  are  combined  with  nickel  to  constitute 
argeutan  :  it  would  paralyze  their  magnetic  power. 

Comparative  Table  of  the  Coercive  Forces  of  Nickel  and 
Cobalt  in  different  States. 

Deflection  in 
the  magnetometer. 

Conditions  of  the  experiments.  ^ « .^ 

Nickel.  Cobalt. 

Immediately  after  magnetization  : 

Bar  not  annealed 2°  15'  5°30' 

„    annealed 5   20         11     0 

„    annealed  and  forged   7     0         14   45 

Thirty-six  hours  after  magnetization  : 

Bar  not  annealed    1    45  5     0 

„    annealed 3  30  9   30 

„    annealed  and  forged   6     0         14     0 

Seventy-two  hours  after  magnetization : 

Bar  not  annealed   1  30  4  45 

„    annealed 3  5  9  0 

„    annealed  and  forged 5  30  13  30 

„    annealed,  magnetized,  and  again  an- 
nealed    0  5  115 

Bar   annealed,    magnetized,   and   after- 

wai-ds  forged 0  25  6  0 

Oomptes  Rendus  de  VAcademie  des  Sciences,  12th  Sept.  1881, 
t.  xciii.  pp.  461 .  402. 
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XLI.  Experimental  Investigations  on  Magnetic  Rotatory  Pola- 
rization in  Gases.     By  M.  Henri  Becquekel*. 
[Plates  VII.  &  Vm.] 
Introduction. 

"PTNTIL  within  the  last  few  years  all  attempts  to  demon- 
vJ  strate  the  electromagnetic  rotation  of  the  plane  of  pola- 
rization of  light  in  passing  through  gaseous  media  have  been 
futile,  and  the  phenomenon  discovered  by  Faraday  in  solid 
and  in  liquid  bodies  seemed  in  gases  to  escape  all  measure- 
ment. The  analogy  presented  in  the  case  of  dilute  solutions 
of  certain  substances  had  led  to  the  supposition  that  the  mag- 
netic rotatory  power  of  the  same  body  remained  nearly  pro- 
portional to  its  density  at  the  moment  of  its  passage  from  the 
liquid  to  the  gaseous  state.  Experiment  has  shown  that  this 
is  not  the  case  ;  and  even  whilst  operating  under  conditions 
of  magnetic  intensity  apparently  sufficiently  powerful,  several 
experimentalists  have  been  unable  to  observe  any  appreciable 
rotation  of  the  plane  of  polarization  in  light. 

My  investigations,  pursued  now  for  several  years,  on  mag- 
netic rotatory  polarization,  have  led  to  various  conclusions 
with  regard  to  gases,  which  it  was  of  great  interest  to  verify, 
and  which  enabled  me  to  foresee  the  character  of  the  rotations 
to  be  observed,  and  the  existence  of  a  remarkable  relation 
between  the  index  of  refraction  of  bodies  and  their  magnetic 
rotatory  power.     Based  upon  these  considerations,  an  appa- 

*  From  the  Annates  de  Physique  et  Chimie,  [5]  xxi.  p.  289. 
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ratus  was  constructed  sufficiently  powerful  to  demonstrate  the 
feeble  rotations  wbicli  the  hypotbetical  calculations  had  led 
mo  to  expect. 

The  results  of  the  preliminary  observations  were  published 
at  the  end  of  March  1871).  The  numbers  obtained  at  that 
time  were  the  first  that  had  been  given  on  the  measurement 
of  these  phenomena,  or  which  had  established  the  relative 
magnitude  of  the  magnetic  rotatory  powers  in  liquid  and  solid 
bodies  and  those  in  a  gaseous  condition. 

Since  that  time,  Bichat  and  Kundt  and  Rontgen  have  pub- 
lished various  connnunications  relative  to  the  magnetic  rota- 
tory  power  of  certain  bodies  in  a  gaseous  state. 

About  the  same  time  Lippich  obtained  a  magnetic  rotation 
of  several  seconds  of  arc  with  a  column  of  0*50  metre  of  air 
subjected  to  a  strong  magnetic  action.  Bichat  more  particu- 
larly confined  himself  to  the  determination  of  the  relation 
between  the  magnetic  rotatory  power  of  carbon  disulphide  at 
various  temperatures  in  the  liquid  and  gaseous  condition. 
His  results  agree  with  my  own. 

Kundt  and  Rontgen  have  studied  the  magnetic  rotatory 
power  of  certain  gases  from  a  point  of  view  quite  different 
from  mine.  They  compressed  the  gases  to  250  atmospheres, 
while  I  more  particularly  studied  them  under  the  ordinary 
temperature  and  pressure.  The  German  authors  have  obtained 
under  consideralDle  pressure  magnetic  rotations  of  several 
degrees;  but  the  imperfection  of  their  apparatus  did  not  allow 
them  to  take  advantage  of  the  extent  of  the  rotations  in  order 
to  obtain  very  accurate  measurements.  They  limited  them- 
selves to  publishing  numbers  relative  to  five  gases — hydrogen, 
oxygen,  air,  oxide  of  carbon,  and  marsh-gas  ;  and  they  were 
unable  to  discover  any  relation  between  the  index  of  refraction 
of  the  gases  and  the  observed  rotations. 

In  the  present  memoir  I  attempt  to  show  that  the  existence 
of  a  relation  between  the  index  of  refraction  of  bodies  and 
their  magnetic  rotatory  power  in  a  solid,  liquid,  and  gaseous 
state  cannot  be  called  in  question.  I  would  further  record 
the  fact  that  I  have  demonstrated  the  existence  of  a  pertm-ba- 
tion  in  the  phenomena  of  atmospheric  polarization,  due,  appa- 
rently, to  a  slight  rotation  of  the  plane  of  polarization  of  the 
luminous  rays  passing  through  the  atmosphere,  under  the  in- 
fluence of  terrestrial  magnetism. 

Method  of  Experiment. 

The  study  of  the  magnetic  rotatory  power  of  gases  implies 
an  accurate  knowledge  of  their  temperature  and  pressure  at 
the  moment  of  the  experiment.     The  same  volume  of  the  dif- 
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fereut  gases  has  been  invariably  taken.  My  wish  to  operate 
at  the  ordinary  temperature  and  pressure  very  greatly  com- 
plicated the  apparatus,  which  would  have  been  extremely 
simple  if  the  experiment  had  been  made  only  under  very  strong 
pressure ;  and  I  have  been  obliged  to  have  recourse,  therefore, 
to  means  of  amplification  which  I  shall  describe  more  closely 
hereafter.  The  apparatus  employed  is  composed  of  two 
distinct  parts  : — first,  the  electromagnetic  apparatus  ;  and, 
secondly,  the  optical  system,  the  arrangement  of  which  is  of 
the  most  delicate  character. 

1.  Electromagnetic  Apparatus. 

The  apparatus  is  composed  of  a  copper  tube,  0"122  metre  in 
external  diameter  and  3*27  metres  long,  closed  by  parallel  mir- 
rors, and  around  which  are  six  large  electromagnetic  bobbins. 
The  whole  of  this  arrangement  is  mounted  horizontally  on  a 
w^ooden  bench  formed  of  a  large  beam  3*82  metres  long.  This 
serves  also  to  sustain  the  optical  system  (see  Plate  VIII.  fig.  1). 
The  tube  is  held  by  special  supports  in  the  middle  of  the  bob- 
bins so  as  not  to  touch  them.  Each  of  these  is  0'48  metre 
long,  0*13  metre  internal  diameter,  and  contains  15  kilogr. 
of  copper  wire  0*03  millim.  in  diameter,  thoroughly  insulated 
and  rolled  upon  a  copper  tube  which  forms  the  body  of  the 
bobbin.  The  total  weight  of  the  copper  wire  employed  was 
about  90  kilogr.,  which  corresponds  to  1380  metres  in  length 
for  the  six  bobbins. 

They  are  associated  in  series,  so  as  to  form  a  single  solenoid 
round  the  tube  which  contains  the  gas. 

Into  these  bobbins  was  passed  the  electric  current  produced 
by  80  elements  (nitric  acid)  of  large  size.  The  battery  was 
formed  of  two  groups  of  40  elements  arranged  in  series,  which 
were  united  together  in  multiple  arc. 

Under  the  influence  of  an  electric  current  so  intense,  the 
conductors  and  the  tube  itself  soon  become  considerably 
heated,  and  the  temperature  rises  to  30°  or  40°  C.  It  is  ne- 
cessary, on  the  one  hand,  to  allow  for  this  elevated  tempera- 
ture, and,  on  the  other,  to  guard  against  the  variations  in 
intensity  of  the  electric  current.  These  variations  are  slow 
and  regular,  and  are  due  to  the  progressive  weakening  of  the 
acids  of  the  couples,  and  to  the  heating  of  the  conductors  by 
the  passage  of  the  electric  current.  In  order  to  allow  for 
them,  it  is  sufficient  to  measure  at  convenient  intervals  of 
time  the  intensity  of  the  electric  current  and  to  trace  the 
curve  of  the  intensities.  For  this  purpose  there  was  arranged, 
in  connexion  wth  the  circuit,  a  sine-compass,  which  measured 
at  every  moment  the  intensity  of  the  current  in  the  apparatus, 
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and  which  thus  allowed  the  observed  results  to  be  reduced  to 
what  they  would  have  been  if  the  electromagnetic  intensity 
had  been  perfectly  constant.  A  mercurial  commutator  con- 
veniently placed  within  reach  of  the  observer,  allowed  the 
direction  of  the  electric  current  in  the  bobbins  to  be  reversed 
at  pleasure,  and  the  bodies  studied  to  be  subjected  to  inverse 
electromagnetic  action. 

The  tube  which  contains  the  gases  was  originally  3  metres 
long.  It  was  constructed  to  maintain  a  vacuum  and  to  sup- 
port the  pressure  of  several  atmospheres  ;  for  this  ])urpose  it 
was  terminated  by  very  thick  pieces  of  coj^per,  which  were 
screened  and  soldered,  and  in  which  was  drilled  a  rectangular 
opening  of  O'lO  metre  by  0*04  metre. 

These  pieces  presented  a  plane  surface  perpendicular  to  the 
axis  of  the  tube,  and  on  which  were  fixed  by  means  of  screws 
flat  glasses  enclosed  in  a  frame  of  copper.  The  tube  was  pro- 
vided with  taps  and  a  manometer;  and  the  whole  was  so 
arranged  as  to  slip  inside  the  bobbins. 

Various  inconveniences,  and  amongst  others  a  slight  acci- 
dent, which  caused  the  simultaneous  rupture  of  the  two  glasses, 
led  to  the  following  modification  of  the  apparatus. 

On  the  two  plane  surfaces  which  form  the  end  of  the  3-metre, 
tube  (PI.  VII.  fig.  1)  are  screwed  and  cemented  cylindrical  cop- 
per tips  0*135  metre  long,  furnished  at  their  ends  internally  with 
a  thread  for  a  screw.  The  tube  can  be  closed  by  two  large  copper 
stoppers,  which  are  screwed  into  the  pieces  just  described,  and 
in  which  are  cemented  two  flat  glasses  of  about  0*005  metre 
thickness,  leaving  for  the  light  a  rectangular  opening  of  0*09 
metre  by  0*06  metre.  Washers  of  greased  leather  enable  the 
tube  to  be  hermetically  closed.  On  each  side  of  these  pieces 
are  arranged  taps,  which  answer  the  purpose  of  either  intro- 
ducing the  gas  or  putting  the  tube  into  communication  with 
a  manometer.  Before  entering  the  apparatus,  the  gases  are 
passed  through  tubes  containing  substances  necessary  to 
purify  and  dry  them. 

The  tube  extends  beyond  the  bobbins  by  about  0*135  metre 
on  each  side,  so  that  the  glasses  are  subjected  to  only  a  very 
feeble  magnetic  influence  :  we  shall  see  afterwards  how  this 
influence  must  be  taken  into  account. 

The  distance  between  the  internal  surfaces  of  the  glasses  is 
3*27  metres  ;  the  volume  occupied  by  the  gas  submitted  to  the 
experiment  is  about  37  litres.  When  the  tube  was  hermeti- 
cally closed  it  acted  as  a  gas-thermometer,  and  the  indication 
of  the  internal  pressure  allowed  the  average  temperature  of 
the  gaseous  mass  to  be  deduced  from  it.  The  axis  of  the  tube 
made  an  angle  of  about  52°  with  the  magnetic  meridian.    The 
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arrangement  of  the  apparatus  is  shown  in  the  accompanying 
figure  (Plate  VIII.  fig.  1). 

2.   Optical  Apparatus. 

Under  the  conditions  of  magnetic  intensity  just  described, 
the  rotation  of  the  plane  of  polarization  of  a  luminous  ray 
passing  through  the  tube  filled  with  gas  is  very  feeble.  With 
the  various  gases  studied,  the  double  rotation  obtained  by 
reversing  the  direction  of  the  electric  current  in  the  bobbins 
did  not  exceed  an  angle  of  h'.  On  this  account  it  became 
necessary  to  amplify  the  phenomenon.  Two  methods  might 
be  employed.  The  first,  contrived  by  Faraday,  consists  of 
passing  several  times  through  the  substance  to  be  studied 
luminous  polarized  rays  which  are  reflected  from  two  mirrors 
conveniently  placed.  It  is  well  known  that,  under  these  con- 
ditions, the  magnetic  rotation  is  proportional  to  the  distance 
traversed  through  the  substance  influenced,  contrary  to  what 
would  be  observed  in  a  body  endowed  with  a  natural  mole- 
cular rotatory  power.  This  method  is  the  one  exclusively 
adopted  by  me  in  the  experiments  about  to  be  described. 

The  second  method  is  a  general  method  of  amplification  of 
the  displacements  of  the  plane  of  polarization  of  a  luminous 
ray,  and  was  proposed  and  applied  by  M.  Fizeau.  It  consists 
in  passing  the  polarized  luminous  ray  through  a  pile  of  glasses 
conveniently  diverged.  I  have  tried  to  apply  this  method; 
and  I  shall  state  hereafter  why,  in  the  present  instance,  I  have 
preferred  to  use  the  former. 

Description  of  the  Optical  System. 

The  apparatus  was  specially  constructed  with  a  view  to  ap- 
plying Faratlay's  method  of  amplification. 

Source  of  Light. — The  source  of  light  was  incandescent 
lime  produced  by  an  oxyhydrogen  flame,  and  seen  either 
directly  or  through  different-coloured  screens.  I  employed  as 
screens  coloured  glasses — red,  yellow,  and  copper-green — and 
also  a  liquid  screen  containing  ammoniacal  nitrate  of  copper, 
which  chiefly  permitted  light-blue  rays  to  pass.  Vie  shall  see 
later  how  it  was  possible  to  estimate  the  length  of  the  average 
wave  of  luminous  rays  which  in  each  case  reached  the  eye  of 
the  observer. 

The  luminous  point  L  (see  Pl.VIII.fig.2)  was  placed  at  about 
0*487  metre  in  front  of  the  extremity  of  the  tube — that  is  to 
say,  at  0-627  metre  from  the  face  of  the  last  bobbin — at  the 
focus  of  a  collimating-lens  C,  having  a  focus  of  0*14  metre, 
which  transmitted  through  a  polariscope  P  parallel  rays.     The 
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coloured  screens  were  always  placed  in  front  of  the  colHmating- 
lens. 

Polariscope. — The  polariscope  was  formed  by  a  very  fine 
Nicors  prism,  45'5  millini.  in  tliickncss  by  45  millini.  in 
widtli.  The  prism  was  cut  in  h:ilf  lengthwise,  and  the  two 
halves  brought  together  so  that  thoir  principal  planes  made  an 
angle  of  about  5°.  The  field  of  this  prism  was  a  circle  of 
about  0*022  metre  in  diameter.  Such  a  large  opening  was 
considered  to  be  necessary — first  of  all  to  allow  a  sufficient 
quantity  of  light  to  pass  through,  and  secondly  that  the 
images  should  retain,  after  the  successive  reflections,  an  ap- 
parent diameter  suitable  for  observation. 

The  polariscope,  the  collimator,  and  the  source  of  light  were 
firmly  mounted  on  the  same  piece  of  cojiper,  which  was  capable 
of  receiving  a  horizontal  movement,  and  which  could  also  turn 
through  a  slight  angle  round  a  vertical  axis,  so  as  to  cause  the 
axis  of  the  optical  system  to  assume  a  slight  inclination  to  the 
axis  of  the  tube  (PI.  VII.  fig.  2). 

Mirrors. —  Suppose,  for  the  sake  of  simplifying  the  descrip- 
tion, that  the  glasses  G,  Gi  which  close  the  tube  had  been 
removed  (see  PL  VIII.  fig.  2).  The  luminous  rays,  rendered 
parallel  by  the  collimator,  after  having  passed  through  the 
polariscope,  graze  the  edge  of  a  vertical  mirror  Mj,  pass  through 
the  tube,  and  encounter  at  the  other  extremity  a  vertical  mir- 
ror M,  from  which  they  are  reflected  ;  they  then  fall  upon  the 
mirror  Mj,  and  in  this  way  are  reflected  successively  on  the 
two  mirrors  until  the  last  ray  reflected  grazes  the  edge  of  the 
mirror  M.  The  number  of  the  successive  reflections  depends 
on  the  mutual  inclination  of  the  mirrors  and  the  direction  of 
the  incident  ray.  We  have  seen  how  it  is  possible  to  deter- 
mine the  latter.  As  to  the  mirrors,  they  are  mounted  in  cop- 
per frames,  which  are  fixed  by  three  s|)ring  screws  to  vertical 
wooden  supports  firmly  fastened  to  the  wooden  block  which 
sustains  the  apparatus.  By  means  of  the  three  screws  the 
mirrors  can  be  moved  in  any  required  direction  (Plate  VII. 
figs.  2  &  4). 

If  the  light  were  polarized  only  in  a  vertical  plane,  the  plane 
of  the  successive  reflections  being  horizontal,  it  would  follow 
that  the  plane  of  polarization  of  the  reflected  images  would 
remain  absolutely  vertical. 

With  this  apparatus  the  light  of  each  half  of  the  image  is 
polarized  in  two  planes  equally  inclined  to  the  vertical  (that 
is  to  say,  to  the  plane  of  the  reflections)  ;  each  half  will  thus 
experience  at  each  reflection  an  equal  slight  rotation,  and  the 
bisecting  plane  of  the  planes  of  polarization  should  remain 
about  the  same  for  all  the   images.     Consequently,  the  posi- 
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tion  of  the  analyzer  which  corresponds  to  equality  of  tint 
should  remain  nearly  the  same  for  all  the  images.  This  con- 
clusion is  verified  by  experiment ;  besides,  it  is  easy  to  see 
that,  the  reflections  on  the  mirrors  being  nearly  normal,  the 
displacement  of  the  planes  of  polarization  must  be  inappre- 
ciable. The  mirrors  are  made  of  St.-Gobain  glass  wrought 
with  the  greatest  care  and  silvered  on  the  surface.  As  it  is 
necessary  that  they  should  be  absolutely  plane  in  order  to 
avoid  any  deformation  of  the  images,  we  have  employed  rather 
large  surfaces  of  glass,  of  which  we  have  used  only  the  central 
part.  The  mirrors  are  rectangular,  and  are  about  O'lG  metre 
long  by  0-06  metre  wide  and  7-9  millim.  thick  ;  they  are  only 
silvered  on  0-08  metre  of  the  middle  portion  (PI.  YIL  fig.  3),  so 
that  the  luminous  rays,  on  coming  out  of  the  polariscope  and 
before  being  received  on  the  analyzer,  pass  once  through  the 
thickness  of  the  glass  of  the  mirrors  Mi  and  M.  There  is  thus 
introduced  into  the  magnetic  rotations  to  be  measured  a  slight 
correction  due  to  the  influence  of  magnetism  on  this  mass  of 
glass.  The  mirrors  are  placed  at  0*195  metre  from  the  bob- 
bins. It  is  easy  to  see  that  under  these  conditions  the  correction 
which  corresponds  to  the  passage  of  the  luminous  ray  through 
the  substance  of  the  njirrors  is  very  slight.  It  would  have 
been  possible  to  silver  the  mirrors  to  the  ends  and  cause  the 
luminous  rays  to  pass  over  their  edges  without  passing  through 
the  glass  ;  but  I  have  preferred  to  allow  this  slight  correction , 
which  was  easily  estimated,  to  remain,  in  order  to  profit  by 
the  greater  perfection  of  the  workmanship  and  silvering  of  the 
central  portion. 

Analyzer. — The  luminous  rays,  after  their  successive  reflec- 
tions, are  received  on  an  analyzer  formed  of  a  Foucault's  prism 
set  on  a  graduated  circle,  the  vernier  of  which  reads  to  a  minute. 
The  diaphragm  of  this  prism  is  0-017  metre.  Behind  the 
analyzer  is  a  microscope  of  a  rather  strong  maguifyiug-power 
(about  19  diameters),  and  which  is  independent  of  the  move- 
ment of  the  analyzer  on  the  graduated  circle,  so  as  not  to  in- 
crease the  mass  to  be  carried  round  in  taking  the  measurements, 
and  to  leave  to  the  analyzer  all  the  freedom  of  movement  pos- 
sible (PI.  YII.  fig.  4).  This  precaution  is  fiir  from  being  use- 
less in  ensuring  accuracy  of  observation.  The  analyzer  and 
microscope,  however,  are  associated  in  the  other  movements, 
forming  a  system  which  can  be  displaced  laterally  and  inclined 
at  a  slight  angle  by  turning  on  a  vertical  axis,  so  as  to  bring  to 
the  centre  of  the  microscope  the  reflected  image  to  be  studied, 
and  to  cause  the  optical  axis  of  the  system  to  coincide  with 
the  more  or  less  oblique  direction  of  the  reflected  ray. 

The  various  parts  of  this  apparatus  can   be  regulated  with 
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great  nicety  ;  and  we  thus  see  that  the  two  mirrors  present  a 
series  of  images  wliich  are  reflected  without  any  deformation. 
Including  the  direct  image  i'rom  the  polariscope,  thoy  corre- 
spond to  cohimns  of  air  represented  hy  one,  three,  five,  seven, 
nine  times  the  distance  of  the  mirrors.  A  tolerahly  large 
number  of  reflected  images  can  be  obtained  ;  but,  in  order  to 
preserve  a  sufficient  luminous  intensity,  distinctness,  and  an 
apparent  diameter  of  the  imago  suitable  for  the  polariscope, 
I  have  been  obliged  to  stop  at  the  fourth  reflected  image, 
which  corresponds  to  nine  passages  of  the  luminous  ray 
through  the  bobbins.  With  the  magnifying-power  just 
indicated,  this  fourth  image  is  as  clear  as  the  direct  image  of 
ordinary  polarimeters  or  saccharimeters. 

Suppose,  now,  that  the  electric  current  is  caused  to  pass  in 
one  direction  :  one  of  the  images,  the  fourth  for  instance, 
must  be  reduced  to  uniformity  of  tint,  as  in  ordinary  polari- 
meters ;  then,  if  the  electric  current  is  reversed,  one  half  of  this 
image  will  be  seen  darker  than  the  other.  If  the  analyzer  is 
then  turned  so  as  again  to  obtain  uniformity  of  tint  in  the 
two  halves  of  the  image,  the  angle  by  which  it  has  been 
turned  will  measure  twice  the  magnetic  rotation  sought. 

The  method  supposes,  in  theory,  that  the  light  studied  is 
monochi'omatic  ;  but  in  the  experiment  itself,  as  the  rotations 
are  very  small,  it  is  not  necessary  that  the  incident  rays  should 
have  the  same  wave-length.  However,  we  shall  return  later 
to  this  important  question. 

Under  the  most  favourable  conditions  the  rotations  could 
be  measured  to  nearly  3C. 

Glasses  which  close  the  Tube. — In  the  experiments  that  we 
have  just  described  the  luminous  rays  only  pass  through  air, 
and  the  rotation  obtained  represents,  with  the  exception  of  a 
slight  correction,  the  magnetic  rotation  of  that  gas.  When 
the  experiment  is  tried  with  other  gases,  it  becomes  necessary 
to  close  the  tube  by  glasses,  as  we  have  above  indicated. 

The  luminous  rays  pass  through  the  glasses  G,  Gj  as  many 
times  as  through  the  tube  itself ;  and  as  at  each  passage  the 
latter  presents  four  surfaces,  it  is  clear  that  the  luminous  rays 
corresponding  to  the  fourth  reflected  image  will  have  traversed 
thirty-six  surfaces  of  glass.  If  to  them  are  added  the  four 
surfaces  of  the  mirrors,  it  will  make  forty  surfaces  of  glass 
during  the  passage  of  the  light.  From  this  it  is  seen  what 
must  be  the  perfection  of  the  workmanship  of  these  surfaces 
in  order  that  the  images  should  not  experience  any  appreciable 
distortion.  In  addition  to  this,  if  it  happened  that  the  glasses 
were  even  very  slightly  unannealed,  the  depolarization  of  the 
light,  which  would  have  been  almost  imperceptible  during  a 
single  passage,  would  become  considerable. 
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The  glasses  first  used  were  very  good  ;  but  an  accident 
having  caused  their  simultaneous  breakage,  I  had  much 
difficulty  in  replacing  them,  and  was  obliged  to  try  several 
pairs  before  obtaining  those  that  I  have  employed  throughout 
the  work,  and  which  are  at  least  as  good  as  the  first  ones. 
These  glasses  are  of  St.-Gobain  glass,  about  0*005  metre  in 
thickness,  and  are  finished  with  the  greatest  care,  so  that  they 
do  not  distort  the  images  in  the  least  degree,  at  any  rate  up  to 
the  fifth  passage.  Even  after  nine  passages  they  do  not 
depolarize  the  light  to  an  appreciable  extent,  and  the  images 
can  still  be  reduced  to  equality  of  tint  with  remarkable  pre- 
cision. 

When  the  apparatus  is  not  perfectly  regulated,  it  is  found 
that  the  positions  of  the  equality  of  tint  of  the  various  images 
are  no  longer  exactly  the  same  as  they  ought  to  be.  This 
arises  from  the  fact  that  the  rays  which  reach  the  eye  for  each 
image  pass  through  the  polariscope  and  the  analyzer  more  or 
less  obliquely.  This  inconvenience  would  be  obviated  by  ad- 
justment ;  but  as  the  angle  of  the  two  deviations  obtained  by 
reversing  the  direction  of  the  electric  current  is  always 
measured,  the  absolute  direction  of  the  plane  of  polarization 
of  the  incident  ray  does  not  enter  into  the  determinations.  It 
is  equally  easy  to  prove  that  the  luminous  rays  which  pass 
through  the  glasses  almost  normally  cannot  undergo  any  ap- 
preciable amplification  or  diminution  in  their  magnetic  ro- 
tation in  consequence  of  the  phenomena  of  refraction  of  the 
polarized  light. 

However,  it  was  proved  by  a  special  experiment  that  a  slight 
rotation  of  the  plane  of  polarization  of  the  luminous  rays 
experienced  by  them  on  issuing  from  the  polariscope  was  still 
the  same  at  the  fourth  image  reflected  ;  so  that  the  passage 
through  the  glasses  and  the  successive  reflections  did  not, 
with  the  exception  of  the  magnetic  effect,  introduce  any  appre- 
ciable correction  into  the  measurements.  The  only  important 
correction  occasioned  by  the  glasses  has  relation  to  the  mag- 
netic rotation  which  they  cause  the  plane  of  polarization  of 
the  light  to  undergo.  This  correction  was  studied  with  the 
greatest  care,  and  it  will  be  treated  of  hereafter. 

It  would  have  been  preferable  to  avoid  this  difficulty  by 
placing  the  glasses  further  away  from  the  bobbins  ;  but  this 
arrangement  would  have  tended  to  make  the  size  of  the  ap- 
paratus too  large.  It  would  also  have  been  possible  to  use 
only  the  four  centre  bobbins  ;  but  the  diminution  of  the 
distance  traversed  bv  the  light  under  magnetic  influence  was 
not  compensated  for  by  the  increased  intensity  of  the  current 
of  the  pile  circulating  in  a  solenoid  of  less  resistance. 
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I  preferred  to  utilize  all  the  bobbins  I  possessed,  and  to  as- 
certain the  correction  of  the  glasses  by  special  experiment,  sub- 
mitting them  to  a  known  mairnctic  action  of  considerable  power, 
and  then  reducing  the  results  observed  to  what  they  would  be 
under  the  conditions  of  the  measurements  with  the  gases. 

The  presence  of  the  glasses  in  the  tube  in  the  course  of  the 
luminous  rays  gives  rise  to  another  inconvenience  which  com- 
plicates the  regulation  of  the  system.  Each  surface  acts  as  a 
mirror,  and  a  large  number  of  reflected  images  appear  in  the 
field  of  vision.  However,  they  cannot  be  confounded  with  the 
images  reflected  in  the  mirrors,  because  of  their  faint  lustre  ; 
and  they  are  nearly  obliterated  when  the  analyzer  is  turned  so 
as  to  obtain  equality  of  tint. 

Nevertheless  it  sometimes  happens  that  these  accidental 
images  encroach  on  the  images  to  be  studied  ;  and  as  the  parts 
which  are  superposed  have  not  the  same  plane  of  polarization, 
the  optical  measurements  become  very  difficult,  and  sometimes 
impossible.  It  is  then  necessary,  by  manipulation,  either  to 
displace  the  mirrors  a  little,  or  to  wedge  the  tube  in  a  slightly 
different  position,  so  that  the  accidental  images  do  not  interfere 
with  the  measurements  to  be  effected  ;  usually  the  accidental 
images  are  situated  a  little  above  or  a  little  below  the  images 
reflected  by  the  mirrors. 

When  the  apparatus  was  regulated,  it  was  left  as  long  as 
possible  in  the  same  position.  At  the  end  of  each  day  of  ex- 
periments the  mirrors,  which  would  be  affected  by  the  air,  were 
simply  removed,  and  then  replaced  in  exactly  the  same  position 
when  a  fresh  series  of  observations  was  begun. 

The  gases  were  introduced  into  the  tube  without  altering  its 
position,  by  simple  displacement  under  the  influence  of  a  slight 
pressure.  The  greatest  care  was  taken  to  avoid  any  pressure 
which  would  either  distort  the  glasses  or  cause  them  to  exhibit 
the  phenomena  of  chromatic  polarization. 

Almost  the  whole  series  of  experiments  below  recorded 
Avere  made  without  displacing  either  the  tube  or  the  glasses 
from  their  position,  which  remained  the  same  for  several 
months. 

The  difficulties  of  construction  presented  by  the  very  delicate 
regulation  of  all  the  instruments,  as  well  as  by  the  workman- 
ship of  the  surfaces  of  the  glasses  and  mirrors,  have  been  sur- 
mounted with  rare  skill  by  M.  T.  Duboscq,  who  made  the 
apparatus. 

On  the  Employment  of  Piles  of  Amplifying-glasses. — In  order 
to  augment  still  further  the  magnetic  rotations  observed,  the 
polarized  rays  might  be  received  on  one  or  more  piles  of 
glasses  placed  in  front  of  the  analyzer. 
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It  is  known  that,  if  the  pile  is  suitably  placed,  a  slight  rota- 
tion of  the  incident  plane  of  polarization  can  be  considerably 
amplified. 

I  had  two  piles  of  glasses  made,  constructed  exactly  according 
to  the  directions  given  by  M.  Fizeau  *;  but  I  did  not  find,  in 
the  present  case,  that  the  use  of  them  gave  us  all  the  results 
that  we  had  a  right  to  expect. 

In  the  first  place,  it  is  clear  that,  if  a  polariscope  of  the  kind 
described  is  employed,  it  is  necessary  to  have  a  prism  the  two 
planes  of  which  only  make  a  very  slight  angle  ;  for  this  angle 
is  itself  increased  by  passing  through  the  piles  of  glasses,  and 
it  may  happen,  as  in  the  case  of  the  polariscope  described 
above,  that  all  sensitiveness  disappears.  In  fact,  the  piles  of 
glasses  gave  an  amplification  of  nine  times  a  slight  rotation 
of  the  incident  plane  of  polarization  ;  and  the  principal  planes 
of  the  two  halves  of  the  image  from  the  polariscope  were  con- 
siderably thrown  out.  I  attempted  to  make  use  of  a  large 
Nicol's  prism  furnished  with  a  lialf-n-ove-lengtli  plate,  so  as  to 
form  a  polariscope  of  variable  sensitiveness  ;  but  this  appa- 
ratus necessitates  the  employment  of  a  monochromatic  source  of 
light,  and  did  not  give  good  results.  Even  with  monochromatic 
light  the  two  halves  of  the  image  are  not  in  the  same  physical 
conditions  ;  the  one  is  polarized  elliptically,  and  the  other  recti- 
linearly.  For  such  delicate  measurements  as  those  here  spoken 
of,  I  very  much  prefer  the  Kicol  cut  in  half.  If  a  suitable 
polariscope  had  been  sufficient,  I  could  have  introduced  this 
arrangement  with  the  same  precision  as  the  method  of  ampli- 
fication by  the  mirrors.  But  the  use  of  piles  of  glasses  has,  in 
the  present  case,  a  much  more  serious  objection.  I  had 
intended  to  use  them  concurrently  with  the  mirrors,  so  as  to 
obtain  rotations  of  several  degrees  ;  but  unfortunately  the 
slightest  variation  in  the  angle  made  by  the  incident  rays  with 
the  normal  of  the  piles  of  glasses  changes  the  amplification 
considerably,  so  that  it  is  not  the  same  for  the  different  images. 
It  would  then  be  necessary,  after  each  measurement,  to  deter- 
mine experimentally  the  amplification  due  to  the  piles  of 
glasses,  which  would  greatly  complicate  the  observations. 
Besides,  this  amplification  is  not  the  same  for  rays  of  different 
colours  :  it  is  thus  necessary  to  make  use  of  a  source  of  light 
almost  perfectly  monochromatic  and,  if  the  rotations  of  rays 
having  different  wave-lengths  are  studied,  to  measure  experi- 
mentally in  each  case  the  amplification  which  corresponds  to 
them.  It  will  hereafter  be  seen  what  difficulties  arose  from 
the  want  of  homogeneity  in  the  source  of  light  we  were  obliged 

*  Annales  de  Chiinie  et  de  P/i)/si'jue,  viii.  p.  l-jo  (1859)- 
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to  employ.    The  corrections  due  to  this  class  of  phenomena 
with  the  piles  of  glasses  were  thus  very  complex. 

This  multiplicity  of  experimental  measures  and  the  un- 
certainty as  to  the  real  degree  of  amplitication  in  each  case, 
take  away  all  the  advantage  of  the  large  rotations  which  may 
be  obtained,  and  do  not  permit  a  greater  relative  approximation. 
Therefore,  in  order  not  to  multiply  to  excess  the  very  delicate 
precautions  with  which  the  measurements  were  already  sur- 
rounded, I  relinquished  the  idea  of  making  use  of  piles  of 
glasses. 

On  the  Distribution  of  Magnetic  Intensities  in  the  Apparatus. — 
Magnetic  Rotation  of  a  Column  of  liquid  Carbon  Bisxdphide. 

It  is  well  known  that  the  magnetic  rotations  of  the  plane  of 
polarization  of  light  are  proportional  to  the  magnetic  intensity; 
the  numbers  given  below  will  have  real  significance  only 
when  the  corres})onding  magnetic  intensity  is  accurately 
determined. 

This  can  be  estimated  in  absolute  measure  ;  but  the  deter- 
mination offers  many  difficulties ;  and  it  is  much  simpler  and 
more  accurate  to  measure  the  magnetic  rotation  of  a  well- 
defined  body  under  the  same  conditions  of  magnetic  intensity 
as  those  used  for  the  experiments,  and  to  compare  the  numbers 
obtained  with  the  magnetic  rotation  of  this  body  taken  as 
unity. 

In  my  previous  researches  on  magnetic  rotatory  polarization 
I  had  already  taken  as  unity  the  rotation  of  the  plane  of 
polarization  of  the  yellow  rays  of  the  flame  of  sodium  tra- 
versing a  colunm  of  liquid  carbon  bisulphide  at  a  temperature 
of  0°,  with  a  thickness  equal  to  that  of  the  body  studied,  and 
subjected  to  the  same  magnetic  intensity.  In  the  present 
experiments  I  have  kept  to  the  same  unit. 

It  thus  became  necessary  to  measure  the  magnetic  rotation 
obtained  with  the  yellow  light  of  sodium  passing  through 
a  column  of  carbon  bisulphide  equal  to  the  length  of  the 
distance  traversed  by  the  luminous  rays  in  the  apparatus  above 
described.  Now,  at  ditFerent  points  of  the  line  traversed  by 
the  luminous  rays  the  magnetic  intensity  is  not  the  same  :  in 
the  inside  of  the  large  solenoid  formed  by  the  six  electro- 
magnetic bobbins  it  is  nearly  constant;  but  it  decreases  very 
rapidly  outside  these  bobbins,  and  is  no  longer  appreciable  at 
about  0"20  metre  from  their  extremities. 

This  exterior  action  is  very  weak  compared  with  the  mag- 
netic influence  of  the  interior  of  the  solenoid  ;  nevertheless,  on 
account  of  the  very  peculiar  conditions  of  the  experiments,  it 
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was  important  to  note  carefully  the  variation  in  intensity  with 
the  distance,  and  the  precise  value  of  this  intensity  at  different 
points. 

In  fact,  I  found  that  it  was  necessary  to  interpose  in  the 
course  of  the  luminous  rays  plates  of  glass  about  0-005 
metre  in  thickness.  Now,  these  glasses  have  a  magnetic 
rotatory  power  which,  for  the  yellow  light,  is  three  thousand 
times  that  of  air.  It  is,  then,  conceivable  that,  in  spite  of  the 
feeble  magnetic  intensity  to  which  they  are  subjected,  these 
plates  may  lead  to  corrections  which  it  is  necessary  to  ascer- 
tain as  accurately  as  possible. 

In  order  to  effect  these  various  determinations,  I  caused  a 
copper  tube  0-50  metre  long  to  be  constructed,  and  placed  it 
in  the  centre  of  the  different  bobbius.  The  exact  position  of 
one  of  the  extremities  of  the  tube  was  fixed  by  a  small  reading- 
microscope;  the  tube  was  then  slipped  along  so  as  to  bring 
the  other  end  into  precisely  the  same  place  as  that  occupied  by 
the  first.  The  magnetic  rotation  of  the  column  of  carbon- 
bisulphide  was  ascertained  in  each  position;  and  the  sum  of  the 
rotations  obtained  was  equal  to  the  rotation  of  a  single  column 
having  the  same  length  as  the  solenoid. 

The  magnetic  rotation  was  measured  by  the  yellow  light  of 
soda. 

I  have  stated  above  that  the  magnetic  intensity  varied  in  a 
continuous  manner,  in  consequence  of  the  variations  in  the 
intensity  of  the  electric  current.  In  all  the  measurements  I 
have  i-educed  the  results  to  what  they  Avould  have  been  if  the 
current  had  been  constant  and  given  in  the  sine-compass  a 
deviation  of  24°. 

The  continual  elevation  of  the  temperature  in  the  interior 
of  the  bobbins  during  the  passage  of  the  very  intense  electric 
current  employed,  introduces  a  most  important  correction 
into  the  measurements.  This  elevation  of  the  temperature 
decreases  the  magnetic  rotatory  power  of  the  carbon  bisulphide, 
first  by  reducing  its  density,  secondly  by  a  direct  effect  inde- 
pendent of  dilatation.  This  question  has  been  studied  with 
various  liquids  by  M.  de  la  Eive,  and  with  carbon  bisulphide 
by  M.  Bichat,  who,  to  express  the  rotation  of  this  body  at 
various  temperatures,  has  given  the  formula 

l-0-00104«-0-000014^^ 

If  dilatation  alone  intervened,  it  would  give 

1 


1  +  0-0011398^  +  0-000001370 1"" 
Up  to  about  12°  the  two  expressions  do  not  differ  by  a  unit 
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in  the  third  decimal  place  ;  beyond  that  the  difference  is 
marked.  I  have  assumed  that  the  first  formula  expresses 
tolerably  approximately  the  progress  of  the  phenomenon;  and 
I  have  reduced  the  rotations  observed  to  what  they  would  be 
at  a  temperature  of  0°.  The  numbers  obtained  differ  by  only  a 
few  minutes  of  arc  from  those  which  would  result  from  the  ap- 
plication of  the  formula  of  dilatation  of  the  carbon  bisulphide. 
The  following  table  contains  the  numbers  obtained  for  the 
rotation  of  carbon  bisulphide  in  the  interior  of  the  different 
bobbins.  The  multiplicity  of  the  measurements  in  each  case 
enables  us,  as  an  average,  to  count  upon  an  accuracy  of  some 
tenths  of  a  minute;  the  hundredths  of  a  minute,  resulting  from 
the  calculation  of  the  averages,  have  been  recorded. 

Magnetic  Rotations  of  Carbon  Bisulphide  (yellow  light  D). 


Ayerage  tem- 
perature of 
each  series. 

„  ,    ..                Rotations  due 
^t^^'Tf?"!  to  the  glasses 
duoedtothe,  ^i^i.h^close 
temperature   ^^e OSO-metre 
°f^-        1         tube.         j 

1st  bobbin 

15-0 
17-2 
20-6 
226 
23-5 
23-6 

716-21 
746-39 
770-04 
767-83 
747-97 
702-41 

1 
1-88 
2-51 
2-60 
2-60 
2-51 
1-88 

2nd      , 

3rd      „      

4th      

5th      „      

6th      „      

Total    1         j      4450-85 

1                                1                        ' 

13-98 

The  glasses  which  close  the  tube  of  0"50  metre  are  of  crown 
glass,  and  are  about  1'5  millim.  thick.  The  magnetic  rotation 
which  they  cause  the  plane  of  polarization  of  the  light  to 
undergo  is  very  feeble.  It  was  ascertained  directly,  the  tube 
being  empty  of  liquid;  and  the  rotations  are  recorded  in  the 
last  column  of  the  preceding  table.  The  sum  of  these  correc- 
tions is  13''98,  and  it  must  be  subtracted  from  the  total 
amount  of  the  rotations  observed. 

It  is  equally  important  to  subtract  from  each  measurement 
the  rotation  due  to  magnetic  influence  on  the  column  of  air 
traversed  by  the  luminous  rays.  In  accordance  with  what 
will  hereafter  be  shown,  this  rotation  at  20°  and  at  a  pressure 
of  760  millim.  amounts  to  about  0'*58,  say  3'-48  to  be  sub- 
tracted from  the  sum  of  the  rotations. 

Placing  the  0*50-metre  tube  on  the  outside  of  the  first  bob- 
bin under  the  same  magnetic  conditions  and  at  a  temperature 
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of  14°,  a  rotation  was  obtained  which,  corrected  by  that  of  the 
air,  was  found  to  be  42''41  ;  this  at  0°  would  give  43''*17. 
It  is,  however,  useless  to  attempt  to  estimate  the  magnetic 
intensities  at  a  greater  distance  from  the  bobbins  :  for  a 
column  of  0'25  metre,  on  issuing  from  the  first  bobbin,  gives, 
at  a  temperature  of  15°,  40'*G  (say  4r-o7  at  0^),  a  rotation 
which  is  nearly  equal  to  that  of  the  0"50-metre  tube. 

Finally,  the  variation  in  intensify"  with  the  distance  was 
studied  by  observing  the  rotation  of  a  heavy  piece  of  flint  glass, 
in  our  previous  researches  designated  as  glass  Xo.  1  (Feil). 
This  piece  was  50*028  millim.  long.  It  was  placed  endwise  in 
three  positions  :  the  first  was  such  that  one  of  the  faces  coin- 
cided with  the  exterior  surface  of  the  bobbin.  The  following 
numbers,  corrected  for  the  rotation  of  the  air,  were  thus  ob- 
tained : — 


Distance  of  one  of  Magnetic  rotations. 

the  faces  of  the    ; * ^ 

piece  of  flint  glass  ;  Of  an  equal  thict- 

frora  the  first      .  Of  the  flint  glass,  ness  of  bisulphide 

bobbin.  I  I        ofc£irbou. 


millim 
1st      0 

2nd     50 

3rd     100 

Total    


31-3.5 

14-34 

6-73 


23-49 
10-74 

5-00 


39-23 


In  the  third  column,  the  rotations  of  an  equal  thickness  of 
carbon  disulphide  have  been  calculated.  The  numbers  thus 
obtained  give  facilities  for  verification,  since  their  sum  ought 
to  represent  the  rotation  of  a  column  of  0"15  metre  of  carbon 
bisulphide.  aSow,  experiment  has  given  39'  for  the  rotation  of 
0'15  metre  of  carbon  bisulphide  under  these  conditions;  and 
the  preceding  amount  is  39''2.  This  verification  is  as  satis- 
factory as  it  can  be.  By  means  of  these  data  it  has  been  pos- 
sible to  construct  a  curve  which  gives  with  great  accuracy  the 
rotation  of  a  definite  thickness  of  carbon  bisulphide  at  any  dis- 
tance from  the  bobbin.  We  have  used  this  curve,  as  will 
be  shown,  for  the  determination  of  various  corrections  which 
might  affect  the  direct  measurements. 

In  short,  it  is  clear  that,  supposing  a  luminous  ray  traverses 
a  column  of  infinite  length  of  carbon  bisulphide  submitted  to 
the  action  of  the  six  electromagnetic  bobbins  previously  de- 
scribed, it  will  be  enough,  in  order  to  take  into  account  the 
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exterior  action  of  this  solenoid,  to  add  to  the  rotations  obtained 
above  43'-l  7  x  2  =  8G'-34. 

In  making  all  the  corrections  just  indicated,  it  may  be  said 
that,  for  luminous  rays  travcrsinor  a  column  of  carbon  bisul- 
phide contained  between  the  polariscope  and  the  analyzer,  and 
submitted  to  the  electromagnetic  action  previously  defined, 
corresponding  to  24°  of  deviation  in  the  sine-compass,  the 
plane  of  polarization  of  the  yellow  rays  D  would  undergo  by 
the  reversal  of  the  electric  current  a  rotation  of  4520'  = 
75°  20'. 

This  number  appears  exact  to  about  10';  for  the  different 
rotations  measured  are  exact  to  nearly  1';  and  the  only  uncer- 
tainty that  could  give  rise  to  an  error  of  a  few  minutes  is  the 
error  which  might  have  been  made  regarding  the  successive 
positions  of  the  tube  in  its  displacement  inside  the  bobbins. 

When  the  numbers  obtained  for  the  gases  are  compared 
with  this  last  number,  the  error  on  the  rotation  of  the  carbon 
bisulphide  does  not  amount  to  0'002.  This  precision  is  greater 
than  that  which  I  have  been  able  to  realize  in  the  measure- 
ments relative  to  the  gases. 

[To  be  continued]. 


XLII.  On  some  Capillo-electric  effects,  and  a  Theory  of 
Contact-Potential.  By  S.  LAyiNGTON  Hart,  B.A.,  D.Sc, 
Scholar  of  St.  Johns  College,  Cambridge* . 

HAVING  occasion,  during  the  course  of  some  experi- 
ments on  contact-potential  described  furtlier  on,  to  use 
an  electrometer,  one  electrode  of  which  {A)  was  in  connexion 
with  an  iron  wire  dipping  in  mer-  Fi^.  i. 

cury  contained  in  a  funnel  (C), 
to  the  neck  of  which  was  adapted 
a  fine  glass  nozzle,  while  the  other 
electrode  (B)  was  put  to  an  iron 
cylinder  (D)  around  the  falling 
mercury  drops,  I  observed  that 
there  was  a  deflection  of  the 
needle  showing  A  to  be  positive 
to  B  by  an  amount  equal  to  about 
•6  D  (D  being  the  electromotive 
force  of  a  sawdust  Daniell).  This 
deflection  remained  the  same  if 
the  electrode  B  was  put  to  earth 

*  Communicated  by  the  Author,  having  been  read  (in  Abstract)  before 
Section  A  of  the  British  Association  (September  1881). 
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by  an  iron  wire,  or  if  this  was  dipped  in  the  mercury  collected 
in  the  cup  E. 

In  this  latter  case  there  were  attached  to  both  electrodes 
iron  wires  dipping  in  mercury,  exposed  to  the  air,  and  in 
almost  identical  conditions — the  only  difference  being  in  the 
capillary  relations  of  the  mercury  contained  in  the  cup  and 
of  that  in  the  funnel  and  neck. 

The  question  arose,  Is  the  foi'mation  of  drops  at  the  end  of  a 
very  fi7xe  tube  acco777pa7iied  by  elect 7'ical  phe7707i7e7ia  such  as  to 
cause  a  positive  chcwge  to  be  g7'adually  acciwiulated  in  the  mei'- 
curij-resci'voir  ? 

The  effect  observed  was  not  due  to  the  electrification  pro- 
duced hj fi'ictio7i  against  the  glass;  for  this  effect  is  of  much 
smaller  dimensions,  and  the  mercury  would  be  negatively 
charged. 

The  case  of  these  falling  drops  is  in  many  respects  analo- 
gous to  that  of  mercury  advancing  in  a  capillary  tube.  I 
tested  therefore  the  behaviour,  in  such  a  tube,  of  a  column  of 
mercury  broken  by  an  air-bubble,  by  connecting  the  cups  in 
which  dipped  the  ends  of  the  tube  to  the  two  electrodes  of  an 
electrometer,  then  suddenly  raising  one  cup. 

I  found  that  the  advancing  column  was  always  positive  to 
the  retreating  mercury;  and  by  multiplying  the  effect  by  in- 
serting many  air-bubb]es  a  deflection  was  obtained,  when  the 
rate  of  flow  was  sufficient,  corresponding  to  '7  D.  (The  fric- 
tional  charge,  as  shown  by  a  low-resistance  galvanometer  and 
an  undivided  column  of  mercury,  was  extremely  slight.)  In 
such  an  apparatus  the  retreating  end  is  oxidized,  the  coating 
of  oxide  appearing  after  prolonged  action,  while  the  advancing 
end  is  reduced  and  acquires  a  positive  charge. 

Similarly,  the  advancing  drop  in  the  apparatus  first  described 
beomes  positively  charged,  so  lo77g  as  a77y  7'eductio7i  takes  place. 
This  depends  on  previous  exposure  to  the  air  and  other  cir- 
cumstances which  favour  oxidation,  but  also  on  an  action 
which  takes  place  more  or  less  continuously  in  the  following 
way: — The  end  of  the  thread,  after  the  drop  has  detached  itself, 
suffers  a  momentary  i-etraction ;  and  this  therefore  causes  a 
slight  oxidation  of  the  surface,  which,  however,  is  not  of  suffi- 
cient duration  to  lower  the  potential  of  the  mass  of  mercury 
in  the  column  to  any  extent;  for,  the  forward  motion  at  once 
setting  in,  the  oxide  locally  deposited  is  reduced,  this  reduc- 
tion being  equivalent  to  a  positive  charging  ;  and,  since  the 
drop  takes  time  tofo7'm,  the  positive  charge  is  communicated 
to  the  column,  which  thus  becomes  more  and  more  charged 
by  each  forward  motion  of  the  column,  so  long  as  oxidation 
can  occur  immediately  after  each  drop  has  fallen. 

Fhil.  Mag.  S.  5.  Vol.  12.  No.  76.  Mv.  1881.  20 
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The  positive  potential  obtained  must  then  depend  on  the 
degree  of  oxidation  possiljlo — that  is,  on  the  rate  of  fall  in 
Bonie  way  or  other,  and  upon  tlie  medium  around  the  drops, 
as  well  as  the  degree  of  insulation  obtained,  &c.  This  was 
found  to  be  the  case — so  much  so  that,  by  increasing  the  oxi- 
dation of  the  drops  by  fanning  or  breathing,  a  much  greater 
deflection  ('8  D)  was  obtained,  while  by  substituting  coal-gas 
for  the  air  around  the  drops  the  deflection  could  be  reduced 
to  zero. 

It  thus  appears  that,  in  air,  a  convex  advancing  thread  of 
mercury  is  reduced,  this  being  accompanied  by  a  positive 
charging  of  the  mercury  column,  the  reverse  taking  place  in 
the  retreating  end. 

This  behaviour  is  precisely  similar  to  that  observed  in  capil- 
lary electrometers ;  and  the  tube  with  the  divided  column  of 
mercury  bears  a  strong  resemblance  to  the  electrometer  of  the 
Seott-Dewar  form.  Thus  another  point  of  analogy  can  be 
traced  between  the  action  of  liquid  and  that  of  "  gaseous  elec- 
trolytes "  on  the  metals  placed  in  them  ;  and  it  is  to  attempt 
to  refer  these  two  sets  of  phenomena  to  the  same  cause,  and  to 
discover,  if  possible,  the  same  laws  which  govern  them,  that 
this  paper  has  been  written. 

The  influence  of  the  atmosphere  upon  the  diflference  of  po- 
tential supposed  to  be  set  up  between  metals  has  been  recog- 
nized. Thus,  Professors  Ayrton  and  Perry  remark  that  only 
in  a  vacuum  could  the  true  contact-potential  be  determined. 
Further,  this  influence  has  been  clearly  shown  to  exist,  and  to 
bear  not  only  on  the  quantitative  measurements,  but  also  upon 
the  actual  order  of  the  series,  as  Avas  proved  by  Brown  (Phil. 
Mag.  August  1878)  in  the  case  of  an  iron-copper  couple  placed 
in  air  and  also  in  hydrogen-sulphide  gas:  a  "  gaseous  electro- 
lytic cell  "  is  thus  formed;  and  its  behaviour  is  similar  to  that 
of  a  "liquid  cell,"  the  electrolyte  being  water  in  the  one  case 
and  hydrogen-sulphide  solution  in  the  other. 

The  analogy  is  sufliciently  striking  to  invite  one  to  seek  for 
some  one  general  law  which  may  lead  more  or  less  satisfac- 
torily to  the  one  cause  of  these  electrical  phenomena;  but  the 
real  justification  of  such  a  step  will  depend  on  the  measure  in 
which  it  enables  one  to  explain  already  known  cases  and  also 
to  predict  others. 

The  ordinary  way  in  which  a  body  acquires  a  certain  poten- 
tial is  by  receiving  an  electric  charge.  Have  we  not  sufficient 
ground  to  refer  the  potential-difierences  of  metals  and  electro- 
lytes in  question  to  the  charges  accompanying  the  electrolytic 
ions  as  these  go  to  one  or  other  of  the  metals,  and  thus  to  lay 
down  the  following  rule  ? — 
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That  metal  to  wiiicli  tlie  eJectro-'i  ^    ,  ,.•      ion  goes,  recei- 
f       -,■  .  (.  negative  ®      ' 

"\ang  an  electro-^  "^  "    ,.      charge,  acquu'es  thereby  an  elec- 
®^       •,•  I  negative         j  '       j. 

I  positive 
tro--\  '    "^  L-      potential  relativelv  to  that  of  the  electrolyte. 

Thus,  when  iron  and  copper  are  each  of  them  placed  alono 
in  water,  both  metals  are  oxidized,  though  differently:  both 
therefore  are  negative,  though  by  different  amounts,  to  the 
water;  but  if  these  metals  are  placed  in  the  same  water,  the 
iron  alone  is  oxidized,  the  copper  has  hydrogen  deposited  on 
it  and  becomes  therefore  positive  to  the  iron,  as  before,  but  in 
addition  is  positive  to  the  acid. 

We  have  as  yet  no  means  of  estimating  the  actual  difference 
of  potential  between  an  electrolyte  and  any  metal ;  for  the 
measurement  of  the  Peltier  effect  on  the  passage  of  a  current 
is  the  only  way  of  determining  this  difference,  and  such  a 
method  is  impracticable.  Since  there  exists  no  proof  of  the 
contrary,  I  have  assumed  that  when  two  metals  are  introduced 
into  an  electrolyte,  the  potential  of  the  latter  is  intermediate 
between  those  of  the  two  metals.  Xow,  if  the  production  of 
potential  depends  on  the  charges  brought  by  the  dissociating 
ions,  this  assumption  must  necessarily  represent  the  actual 
case  ;  and  it  is  moreover  borne  out  in  the  experiments  that 
follow. 

We  have  therefore  two  cases  to  consider,  whether  in  liquids 
or  in  gases : — The  metals  (say  iron  and  copper)  are  in  the  same 
electrolvte  and 


Fig.  2. 


(1)  Insulated.  In  this 
case  the  iron  is  negatively 
charged  by  the  electro- 
negative ion,  the  copper 
is  coated  with  hydrogen 
(in  the  case  of  liquid  elec- 
trolytes, and  also  in  that 
of  gases,  if  the  distance 
between  the  metals  is  suf- 
ficiently small  to  overcome  in  part  electrolytic  diffusion),  and 
thus  is  at  a  positive  potential  relatively  to  the  electrol^y'te. 

(2)  Touching  one  another. 
The  metals  are  then  at  the 
same  potential;  but  the  same 
differences  of  potential  be- 
tween metal  and  electrolyte 
must  obtain,  and  this  is  only 
possible  when  the  potential 
around  the  iron  is  higher 
than  around  the  copper. 

2C2 


Fk.  3. 


328        Dr.  S.  L.  Hart  on  some  Capillo-electi'ic  Effects, 

This  difference  of  potential,  in  air.  has  usually  been  regarded 
as  that  existing  between  the  two  metals;  but  in  experiments 
similar  in  princijilc  to  Sir  William  Thomson's  half-disk  appa- 
ratus, it  is  the  potential  of  the  air  or  gas  that  has  been  deter- 
mined, and  not  that  of  the  metal. 

In  water,  this  difference  of  potential  has  been  shown  by- 
Brown  (Phil.  Mag.  Feb.  1879). 

A  third,  intermediate  state  of  affairs  exists,  namely  that  in 
which  the  metals  are  connected  through  a  considerable  external 

Fig.  4. 


resistance.     Then  the  fall  of  potential  is  distributed  according 
to  the  external  and  internal  resistances. 

Two  suppositions  have  been  made  ;  and  these  require  to  be 
confirmed  by  experiment: — 

(1)  Metals  in  contact  are  at  the  same  potential,  though  dif- 
ferences of  potential  exist  in  the  medium  (electrolytic)  around 
them. 

(2)  Metals  in  the  same  electrolyte  and  in  sufficient  proxi- 
mity, when  insulated,  are  at  different  potentials,  though  the 
medium  may  be  at  one  intermediate  potential  between  them. 

We  have  thus  to  prove  : — 

I.  The  equality  of  potential  of  metals  touching  (say  in  air). 

I  used  the  apparatus  described  in  the  first  part  of  the  paper, 
and,  as  mentioned,  obtained  a  deflection  depending  on  the  rate 
of  fall,  the  amount  of  oxidation,  and  consequently  the  medium 
around  the  drops.  The  cause  of  this  has  been  explained  ;  but 
by  substituting  coal-gas  for  the  air  about  the  drops  (and  also 
the  exposed  surfaces,  as  that  of  the  mercury  in  the  funnel)  the 
oxidation  is  more  and  more  reduced,  till  the  positive  charge 
passes  into  a  negative  one.  (It  is  necessary,  to  obtain  this 
effect,  that  the  drops  run  slowly.)  That  is  to  say,  when 
the  medium  is  neutral  and  no  chemical  action  is  set  up,  no 
deflection  at  all  is  observed.  What  is  the  condition  of  affairs 
at  this  point  ? 

The  electrode  B  (fig.  1)  is  in  connexion  with  an  iron  cylin- 
der, which,  not  being  oxidized  in  this  medium,  is,  according 
to  the  theory,  at  the  potential  of  the  neutral  gas  around  it. 
The  change  in  the  medium  at  this  juncture  is  such  that  no 
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oxidation  or  reduction  takes  place  ;  the  mercury  therefore 
(according  to  the  theory)  receives  neither  positive  nor  negative 
charge,  and  is  therefore  likewise  at  the  potential  of  the  air. 
The  only  remaining  possible  cause  of  deflection  being  the  con- 
tact of  iron  and  mercury  (to  both  electrodes  are  attached  iron 
wires) — since  there  is  no  deflection  observed,  there  is  no  dif- 
ference of  potential  between  the  iron  and  the  mercury  (except 
perhaps  that  answering  to  the  slight  Peltier  effect). 

11.  The  influence  of  the  presence  of  one  metal  on  the  poten- 
tial of  the  other,  and  the  ditference  of  potential  thereby  set  up. 
In  the  case  of  the  liquid  cell,  this  influence  has  accidentally 
been  proved  by  experiments  previously  performed.  Thus, 
Perry  and  Ayrton  find  that  the  air  near  copper  touching 
water  in  which  is  also  dipped  an  iron  bar,  is  at  a  higher 
potential  than  the  air  about  the  iron  ;  for  the  air  oxidizes  hath 
metals,  though  unequally  (for  the  copper  is  out  of  the  reach 
of  the  influence  of  the  iron  through  air);  whereas  the  water 
oxidizes  the  iron,  rendering  it  negative  to  itself,  and  therefore 
renders  the  copper  positive  by  the  deposit  of  hydrogen  which 
clings  to  it.  The  air  being  positive  to  both  metals,  is  thus 
necessarily  at  a  higher  potential  about  the  copper  than  about 
the  iron.  Thus,  though  copper  w^ould  get  oxidized  in  water 
alone  (as  it  does  in  the  air),  the  presence  of  iron  prevents  its 
oxidation  in  the  water,  whence  the  difference  of  potential 
amounting  to  '16  volt. 

Now  this  same  influence  ought  to  be  felt  in  air,  if  the  dis- 
tance is  sufficiently  small  to  overcome  to  a  sensible  extent  elec- 
trolytic dift'usion  ;  that  is,  iron,  brought  quite  close  to  a  less 
electro-negative  metal,  ought  to  reduce  the  oxidation  going 
on  at  the  surface  of  that  metal.  For  this  purpose  the  same 
apparatus  was  used  ;  and  when  the  deflection  was  steady,  a 
clean  iron  bar  was  put  to  earth  and  brought  up  to  the  nozzle 
and  laid  as  close  as  possible  to  the  falling  drops.  For  each 
approach  of  the  iron,  the  deflection,  which,  as  shown,  depends 
on  the  oxidation  of  the  drops,  was  reduced  by  thirty  divisions, 
equivalent  to  about  '15  D.  Thus,  through  a  film  of  air  of  less 
than  1  millim.  thickness,  this  influence  of  one  metal  on  the 
other  can  be  made  e\-ident. 

I  repeated  this  in  another  way ;  for  I  put  the  bar  to  the 
electrode  B  (fig.  1)  and  connected  the  electrode  A  to  earth  : 
the  change  in  the  deflection  showed  that  the  iron  is  rendered 
more  negative  (by  about  '15  D)  by  being  brought  quite  close 
up  to  the  mercury.  The  oxidation  of  the  electro-negative 
element  is  increased  by  the  presence  of  another  less  negative 
metal ;  which  proposition  is  the  counterpart  of  the  preceding 
one. 
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Hence,  in  gaseous  as  well  as  in  liquid  electrolytes,  metals, 
unless  tonching,  are  at  different  potentials,  dependent  on  this 
mutual  influence  as  well  as  on  the  amount  of  chemical  action 
set  up  by  the  one,  more  electro-negative,  which  becomes 
negative  to  the  electrolyte,  and  still  more  so  to  the  electro- 
positive metal. 

As  a  conclusion,  these  two  points,  I  fancy,  hold  generally 
for  gases  and  liquids: — 

(i)    The  metal  to  which  goes  the  electro- -f  positive    .^^ 

°  (  negative 

becomes,  by  the  charges  brought  by  the  dissociated  atoms, 

electro--!  P       IT     relatively  to  the  electrolyte:  and 
(  negative  "^  '' 

(ii)  Metallic  contact  entails  equality  of  potential. 

The  simplicity  of  these  Liavs  is  evident,  as  also  the  advan- 
tage of  bringing  back  to  generally  received  laws  of  action  the 
phenomena  of  potential  due  to  contact  of  metals  and  electro- 
Ij'tes. 

I  wished  to  have  added  one  or  two  experiments  to  the  above, 
which  I  wanted  also  to  repeat  to  get  surer  quantitative  deter- 
minations, and  to  render  the  conditions  more  conducive  to 
accuracy;  but  the  time  at  my  disposal  was  limited,  as  well  as 
the  opportunities  for  performing  the  experiments. 

St.  Jolm'3  College,  October  1881. 


XLIII.   On  Curves  of  Electromagnetic  Induction. 
By  \Y.  Geakt*. 

[Plates  IX.,  X.,  &  XI.] 

IN  the  month  of  June  1879  I  communicated  to  the  Physical 
Society  a  series  of  measurements  of  the  conjugate  posi- 
tions of  two  equal  circular  coils  f  of  wire  whose  axes  were 
parallel  to  each  other — that  is  to  say,  measurements  of  the  rela- 
tive positions  of  the  coils  when  they  were  so  placed  that  their 
coefHcient  of  mutual  induction  became  nothing.  I  also  showed 
how,  by  the  aid  of  these  measurements,  a  curve  could  be 
drawn  such  that  when  one  coil  remained  fixed,  and  the  other 
was  moved  Avith  its  centre  always  in  the  curve  and  its  axis 
parallel  to  that  of  the  first  coil,  the  mutual  induction  between 
the  coils  retained  the  constant  value  zero.  An  obvious  exten- 
sion of  this  investigation  was  to  try  to  trace  out  some  of  the 

*  Communicated  by  the  Physical  Society  of  London,  having  been  read 
June  11th,  1881. 
t  Phil.  Mag.  for  November,  1879. 
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curves  of  constant  positive  or  negative  induction  lying  on 
opposite  sides  of  the  curve  of  no  induction  ;  and  it  is  the  re- 
sults of  experiments  made  for  this  purpose,  along  with  those 
of  others  "\vhich  were  made  for  the  purpose  of  tracing  some  of 
the  curves  of  constant  induction  between  the  coils  with  their 
axes  perpendicular  to  each  other,  which  I  have  now  to  bring 
before  the  Society. 

The  arrangement  of  the  apparatus  and  the  nature  of  the 
experiments  will  be  easily  understood  by  reference  to  the  an- 
nexed diagram. 

A^  B,  C,  and  D  are  four  coils  of  wire  made  as  nearly  iden- 


tical in  all  respects  as  possible.  Each  coil  consists  of  182  turns 
of  Xo.  24  silk-covered  copper  wire,  of  0"065  centim.  diameter, 
wound  in  a  rectangular  groove  in  a  flat  wooden  reel.  The 
inner  circumferences  of  the  coils   are  21'95  centim.  ;    their 
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outer  circumferences  are  28*2  centim.  The  dej)tli  of  tlio  sec- 
tion of  the  coils  perpendicular  to  the  axi.s  is  0-9947  ccntini,; 
the  Avidth  of  the  groove  parallel  to  the  axis  is  1*0  centim. : 
the  section  of  the  coils  is  therefore  a])proximately  one  sfjuare 
centim(>tre.  The  mean  radius  is  3'99,  or  approximately  -i'U  cen- 
tim. The  resistances  do  not  agree  quite  so  closely ;  but  their 
mean  gives  11= 2*4  ohms  at  11°*5  C. 

The  coils  are  mounted  on  straight  guides  wliich  have 
grooves  in  their  u])per  surfaces,  along  which  the  coils  can  be 
made  to  slide  ;  and  their  positions  are  indicated  by  scales  at- 
tached to  the  guides.  The  readings  are  obtained  to  centi- 
metres and  millimetres  direct,  and  tenths  of  a  millimetre  by 
estimation.  The  coils  A  and  B  are  mounted  with  tlieir  axes 
coincident  on  a  straight  guide  E  F,  of  sufficient  length  to  allow 
their  centres  to  be  separated  to  a  distance  of  70  centimetres. 
The  coils  C  and  D  are  mounted  on  a  pair  of  guides  0  P  and 
M  N,  0  P  being  about  half  the  length  of  M  N,  and  attached 
to  it  at  right  angles  midway  between  its  ends.  The  axes  of 
the  coils  are  parallel  to  0  P  and  perpendicular  to  M  N :  hence 
C  can  be  moved  parallel  and  D  perpendicular  to  the  axes  with- 
out destroying  the  ])arallelism. 

The  coils  A  and  0  were  connected  with  the  battery  L  and 
with  the  key  K  to  form  the  primary  circuit ;  the  coils  B  and 
D  were  connected  with  the  galvanomet(>r  G,  or  sometimes 
with  a  telephone,  to  form  the  secondary  circuit.  Now  it  is 
evident  that  with  this  arrangement,  in  order  that  there  may 
be  no  current  in  the  secondary  circuit  on  making  and  breaking 
the  primary  one,  the  coils  C  and  D  must  be  so  placed  that 
their  mutual  induction  is  equal  to  that  between  A  and  B  ;  and, 
with  reference  to  the  secondary  circuit,  that  the  electromotive 
forces  induced  in  the  coils  B  and  D  nuist  oppose  each  other. 
Hence,  when  A  and  B  were  clamped  at  a  fixed  distance  apart, 
every  pair  of  positions  in  which  the  coils  C  and  D  could  be 
placed,  so  as  7iot  to  cause  a  deflection  of  the  galvanometer  on 
making  and  breaking  the  primary  circuit,  were  positions  in 
which  their  mutual  induction  was  constant,  and  determined 
one  point  of  a  curve  of  constant  induction.  Begimiing  with 
the  coil  D  at  P,  the  middle  point  of  the  guide  M  N,  the  coil 
C  was  moved  until  the  induction  between  C  and  D  balanced 
that  between  A  and  B.  C  was  then  moved  nearer  and 
nearer  to  P,  being  shifted  a  centimetre  or  so  at  a  time;  and 
the  balance  was  restoi'cd  in  each  case  by  moving  D  towards 
M  or  N.  Now,  as  the  arrangement  is  symmetrical  with  re- 
spect to  the  axis  of  C,  it  is  evident  that  when  a  balance  was 
obtained  by  displacing  the  coil  D  on  one  side  of  1*,  it  could 
also  be  obtained  by  moving  it  to  the  corresponding  position 
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on  the  other  side.     In  all  eases  these  two  balancing  positions 
were  found  ;  and  the  half-difference  of  the  readings  on  the 
scale  M  X,  which  was  numbered  from  one  end,  was  taken  as 
the  result  of  the  experiment.     In  this  way  the  measurements 
obtained  were  independent  of  any  uncertainty  in  the  deter- 
mination of  the  point  P.     In  using  the  numbers  thus  obtained 
for  plotting  a  curve  of  constant  induction,  the  distances  read 
off  along  0  P  were  taken  as  abscissa?,  and  the  half-differences 
of  the  pairs  of  readings  along  M  X  were  taken  as  ordiuates. 
Thus  in  all  the  figures  which  accompany  this  paper,  the  axis 
of  .V  is  taken  as  coinciding  with  the  axis  of  the  primary  coil 
with  its   centre  fixed  at  the  origin  of  coordinates,  and  the 
curves  of  constant  induction  are  to  be  taken  as  representing 
the  paths  traced  out  by  the  centre  of  the  secondary  coil  in  a 
plane  containing  the  axes  of  a:  and  y.     The  induced  electro- 
moti^■e  force  changes  sign  when  the  centre  of  the  secondary 
coil  passes  from  one  side  to  the  other  of  the  curve  of  no  in- 
duction.    In  what  follows,  the  induction  is  reckoned  positive 
when  the  axes  of  the  primary  and  secondary  coils  coincide. 
Hence,  in  the  figures,  all  the  curves  lying  between  the  axis 
of  abscissjB  and  the  zero-curve  are  to  be  taken  as  curves  of 
positive  induction;  while  those  which  lie  further  from  the  axis 
of  abscissje  than  the  zero-curve  are  to  be  taken  as  curves  of 
negative  induction.     The  negative  curves  were  traced  experi- 
mentally in  the  same  way  as  the  positive  curves,  except  that 
the  two  leading  wires  of  one  of  the  four  coils  were  inter- 
changed.    Thus  the  inversion  of  electromotive  force,  due  to 
the  relative  positions  of  the  coils  C  and  D,  was  counteracted 
by  the  inversion  of  the  connections  :  and  the  inductive  action 
between  A  and  B  could  be  balanced  by  that  between  C  and  D, 
just  as  in  the  measurements  which  gave  the  curves  of  positive 
induction. 

The  positive  and  negative  divisions  of  the  set  of  curves 
already  alluded  to,  which,  in  what  follows,  are  spoken  of  as 
the  first  set  of  curves,  were  each  traced  out  with  the  apparatus 
arranged  as  in  the  diagram.  But  in  order  to  trace  out  another 
set  of  curves,  which  are  afterwards  spoken  of  as  the  second 
set  of  curves,  the  axis  of  the  coil  D  was  set  at  rifrht  angles  to 
that  of  C,  but  otherwise  every  thing  remained  unaltered.  The 
zero-curve  of  the  second  set  coincides  with  the  axes  of  x  and 
y  ;  and  therefore  it  did  not  require  to  be  traced ;  each  of  the 
other  curs'es  is  complete  in  one  quadrant.  The  induced  elec- 
tromotive force  chauo;es  sio;n  when  the  centre  of  the  coil  D 
passes  from  one  side  to  the  other  of  the  axes  of  x  or  oi  y  : 
hence  in  the  figures  the  second  set  of  curves  are  to  be  taken 
as  positive  in  one  quadrant  and  negative  in  another  alternately. 
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The  measurements  for  the  second  set  of  curves  were  made  ex- 
perimentally in  the  same  way  as  for  the  first  set ;  but  as  the 
axes  of  the  coils  C  and  D  were  at  right  angles,  there  was  a  con- 
siderable part  of  the  field  near  the  origin  in  which  no  measure- 
ments could  be  obtained,  on  account  of  the  coils  coming  into 
contact  with  each  other. 

The  ])ositive  or  negative  induction  corresponding  to  any  one 
of  the  plotted  curves  being  equal  to  that  between  A  and  J3 
when  placed  at  some  definite  distance  from  each  otlier,  it 
became  necessary,  in  order  to  place  the  curves  so  that  the 
numerical  value  of  the  induction-coefficient  might  have  a 
known  relative  for  each,  to  determine  the  law  according  to 
■which  the  induction  between  the  two  coaxal  coils  A  and  B 
varied  with  the  distance  between  them.  For  this  purpose  the 
coil  A  was  connected  with  a  contact-key  and  with  a  battery 
of  20  Grove's  cells  to  form  the  primary  circuit ;  the  secondary 
circuit  was  formed  by  connecting  the  coil  B  with  a  contact- 
key  and  with  the  coils  C  and  D,  which  were  placed  close 
together  and  used  as  a  galvanometer.  The  needle  and  mirror 
employed  were  rather  heavy:  this  had  the  advantage  of  allow- 
ing the  induced  currents  to  exert  their  full  effect  on  the  needle 
before  it  had  moved  perceptibly  from  its  position  of  equili- 
brium. The  key  was  a  double-contact  key,  so  arranged  that 
on  depressing  the  key  the  primary  circuit  was  completed;  and 
immediately  afterwards,  when  the  current  was  established,  the 
secondary  circuit,  which  was  already  complete,  was  opened, 
and  was  kept  open  by  a  spring  acting  on  the  lower  key,  while 
the  primary  circuit  was  then  broken.  The  time  occupied  in 
depressing  and  releasing  the  key  was  in  general  about  one 
third  of  a  second ;  hence  the  time  during  which  the  primary 
current  circulated  every  time  that  contact  was  made  was  ap- 
proximately that  period.  With  this  arrangement  only  the 
induced  current  on  making  was  allowed  to  act  on  the  galva- 
nometer, while  that  on  breaking  was  prevented  from  circulating 
in  the  secondary  circuit. 

The  temperature  of  the  primary  coil  was  indicated  by  a  de- 
licate thermometer  divided  to  tenths  of  a  degree  Centigrade, 
which  had  its  bulb  placed  in  contact  with  the  silk  covering  of 
the  coil.  The  variation  of  the  temperature  of  the  coil,  due  to 
the  heating  effect  of  the  current  during  the  experiments  (as 
indicated  by  this  thermometer)  was  approximately  1°"0  C. 
The  scale-readings  obtained  at  the  highest  and  lowest  tempe- 
ratures were  found  to  agree  so  closely  that  it  was  unnecessary 
to  make  any  correction  on  account  of  the  variation  of  the 
tem])erature  of  the  primary  coil:  its  mean  temperature  during 
the  experiments  was  ll°-5  C. 
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As  the  state  of  the  battery  \Yas  liable  to  change  and  the 
strength  of  the  current  to  vary,  it  was  important  that 
errors  arising  from  these  causes  should  as  far  as  possible  be 
eliminated.  In  order  to  effect  this,  a  double  set  of  observations 
was  taken,  first  with  increasing  distances  between  the  coils, 
and  next  with  decreasing  distances.  In  every  position  de- 
flections were  taken  towards  both  ends  of  the  scale ;  so  that  the 
recorded  results  represent  the  means  of  never  less  than  four 
readings  ;  and  in  most  cases  they  are  the  means  of  twelve  or 
sixteen.  The  observations  were  begun  with  the  coils  A  and 
B  as  close  together  as  possible  without  touching,  and  were 
continued  till  the  distance  between  them  was  70  centim.;  but 
beyond  about  50  centim.  the  galvanometer  above  mentioned, 
formed  by  the  juxtaposition  of  the  coils  C  and  D,  was  not 
sufficiently  sensitive.  It  was  therefore  replaced  for  these 
distances  by  a  delicate  reflecting  galvanometer;  and  the 
necessary  reduction  was  made  after  the  ratio  of  the  indications 
of  the  two  instruments  had  been  found.  The  deflections  of 
the  needle  were  indicated  by  the  movements  of  a  spot  of  light 
on  a  circular  scale  of  one  metre  radius.  The  readings  were 
obtained  in  centimetres  and  millimetres,  and,  after  having  been 
corrected  for  the  effect  of  damping,  were  reduced  to  degrees. 
The  value  of  the  induced  electromotive  force,  or,  in  other 
words,  the  strength  of  the  induced  current,  was  in  each  case 
taken  as  being  proportional  to  the  sine  of  half  the  angle 
through  which  the  needle  was  deflected — that  is,  proportional 
to  the  sine  of  one  fourth  of  the  corrected  scale-reading  reduced 
to  degrees.  In  using  the  numbers  thus  obtained  for  plotting 
a  curve  which  graphically  represents  the  values  of  the  coeffi- 
cient of  mutual  induction  M  for  different  distances  of  the  coils 
A  and  B,  the  distances  read  off'  along  the  scale  E  F  for  the 
positions  of  the  coil  B  were  taken  as  abscissae,  and  the  values 
obtained  for  the  sines  were  taken  as  ordinates.  The  results  of 
these  experiments  are  given  in  Table  I.,  where  the  columns 
headed  a;  give  distances  between  the  coils,  and  the  columns  z 
give  the  corresponding  values  of  the  coefficient  of  mutual 
induction.  The  curve  plotted  by  means  of  these  numbers  is 
given  in  fig.  1,  Plate  XI.;  the  centres  of  the  small  circles  in 
that  and  the  following  curves  represent  the  points  found  in 
the  experiments. 

This  curve  is  related  to  the  curves  of  constant  induction 
which  form  the  main  subject  of  this  paper  as  the  vertical 
section  of  a  surface  is  related  to  the  contour-lines  of  that 
surface.  Imagine,  then,  a  surface  such  that  the  three  rect- 
angular coordinates  x,  i/,  and  z  of  any  point  upon  it  represent 
respectively  the  distance  of  that  point  from  the   centre  of  the 
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Table  I. 


Distance  between 

Relative  value  of 

Distance  between 

Relative  value  of 

centres  of  coils 

inductioii- 

centres  of  coils 

induction- 

=x. 

coclIicieiit=^. 

=.r. 

coe(ncient=^. 

centim. 

centim. 

i(; 

39-50.7 

15-0 

0-9 

1-7 

37-731 

IGO 

0-758 

1-8 

35-'.»3(3 

17-0 

0-631 

lU 

34-0 IC. 

180 

0-557 

20 

32-2.-.1 

19  0 

0-48 

2-2 

2y-5:>i 

20-0 

0-423 

2-5 

25-503 

210 

0364 

30 

21-104 

220 

0-321 

3-5 

17-341 

23-0 

0-284 

40 

14 -4(18 

24t) 

0-25 

50 

10-227 

25-0 

0224 

0  0 

7-449 

30-0 

0-131 

70 

5-504 

350 

0-083 

8-0 

4-l(i3 

400 

0-056 

yo 

3158 

45-0 

0-040 

100 

2-528 

50-0 

0-029 

110 

2021 

55-0 

0022 

120 

1-(>41 

600 

0-017 

130 

1-3:38 

65-0 

0  013 

140 

1093 

70-0 

0011 

primary  coil,  x  being  measured  parallel  to  the  axis  of  the 
coil,  y  perpendicular  to  it,  and  z  being  taken  equal  to  M, 
the  coefficient  of  mutual  induction  between  the  primary  coil 
and  the  secondary  coil  placed  with  its  centre  at  the  point  .r,  y, 
o.  Then,  the  curve  just  described  may  be  viewed  as  a  section 
of  this  surface  in  a  plane  containing  the  axes  of  x  and  z,  the 
curves  of  constant  induction  may  bo  looked  upon  as  contour- 
lines  of  the  surface,  or  as  sections  of  it  in  planes  parallel  to 
the  plane  of  x  and  y,  and  the  curve  whose  coefficient  of  mutual 
induction  is  equal  in  value  to  z  will  pass  through  the  point  in 
question. 

The  values  of  M,  whether  positive  or  negative,  are  synony- 
mous with  those  of  z  :  hence  in  the  tigures  the  curves  of 
variable  induction,  which  are  situated  in  vertical  i)lanes,  are 
to  be  taken  as  positive  if  they  are  above  the  plane  of  x  and  y, 
and  negative  if  they  are  below  it.  Where  the  values  of  the 
coordinates  of  any  curve  are  represented  in  the  Tables  by  x  and 
y,  the  curve  is  situated  in  a  horizontal  plane ;  where  they  are 
represented  by  x  and  z,  the  curve  is  situated  in  a  vertical 
plane.  On  examining  the  numbers  in  this  Table,  it  appears 
that  the  values  of  ,::  or  M  are  approximately  inversely 
proportional   to   the    cube   of  the  distlmce  from  the  centre 
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of  one  coil  to  the  moan  circumference  of  the  other — 
that  is,  that  the  product  Mc^  is  approximately  constant, 
c  heing  put  for  \/a'^  -f  x'-,  where  a  is  the  mean  radius  of  one 
of  the  coils.  On  closer  examination  it  is  seen  that  this 
product  decreases  somewhat  from  a'=0  to  about  a;=a,  and  then 
slowly  increases  for  greater  values  of  x. 

By  means  of  the  curve  (fig.  1,  Plate  IX.)  it  was  easy  to 
place  the  coils  A  and  B  so  that  their  coefficient  of  mutual  in- 
duction might  have  any  desired  value  within  the  available 
range,  and  thus  to  assign  determinate  relative  values  to 
the  coefficients  of  mutual  induction  corresponding  to  the 
curves  to  be  traced  out  by  the  coils  C  and  D.  In  Table  II. 
the  first  and  fourth  columns  give  reference  numbers  referring 
to  the  several  curves  plotted  in  fig.  2,  PI.  X.,  whose  coor- 
dinates are  given  in  Table  III.;  the  third  and  sixth  give  the 
corresponding  values  of  M,  the  coefficient  of  mutual  induction; 
and  the  second  and  fifth  the  distance  along  the  scale  E  F  at 
■which  the  coils  A  and  B  had  to  be  clamped  in  order  to  obtain 
these  values. 


Table  II. 


No.  of 
curve. 

X. 

M. 

No.  of 
curTC. 

X. 

M. 

1   

0-5 

10 

2025 

3-72 

5-78 

8-15 

1105 

14-45 

187 

240 

31-6 

Uncertain. 

Uncertain. 

320 

160 

8-0 

40 

20 

1-0 

0-5 

0-25 

0125 

Zero. 

13  

31-6 
24-0 
18-7 
14-45 
11-05 
8-15 
5-78 
3-72 
2-025 

-  0-125 

-  0-25 

-  0-5 

-  1-0 

-  2-0 

-  4-0 

-  8-0 
-16-0 
-320 

2 

3  

4  

14  

5  

15  

6  

16  

7  

17  

8  

9  

18  

19  

10  

20  

11  

21  

12  

The  position  on  the  scale  E  F,  in  which  the  coil  B  had  to  be 
placed  in  order  to  give  the  required  value  to  the  induction- 
coefficient  of  any  curve,  was  found  by  inspecting  Table  II.; 
the  coil  was  clamped  in  the  position  indicated  ;  and  a  number 
of  balancing  pairs  of  positions  of  the  coils  C  and  D  were  then 
found. 

In  determining  the  values  of  the  coordinates  of  the  curve 
of  zero  induction  the  coils  C  and  D  only  w-ere  employed.  The 
primary  circuit  was  the  same  as  that  in  the  diagram, 
omitting   the   coil   A;  the   secondary   circuit  was   also   the 
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same  as  that  in  tlio  diagram,  omitting  the  coil  B.  The 
coil  C  was  brought  as  near  as  possible  to  the  point  P, 
and  clamped  in  that  position,  sufficient  room  being  left 
for  the  coil  D  to  pass  without  touching  it.  D  was  then 
moved  to  a  balancing  position  on  one  side  of  P,  and  then  to 
the  corresponding  position  on  the  other  side  of  it,  and  the 
half-difterence  of  the  readings  on  the  scale  M  N  Avas  taken  as 
the  value  of  the  ordinate,  the  reading  on  the  scale  0  P  for 
the  ])Osition  of  the  coil  C  during  the  experiment  being  taken 
as  the  value  of  the  corresponding  abscissa. 

The  least  distance  between  the  centres  of  the  coils  C  and 
D  at  which  readings  could  be  obtained  when  their  axes  were 
coincident  was  1*0  centimetre,  as  their  thickness  prevented  a 
nearer  approach;  the  least  distance  between  their  axes  at  which 
readings  could  be  obtained,  when  the  mean  planes  of  the  coils 
were  coincident  or  at  a  less  distance  than  1'6  centim.  from 
each  other,  was  about  9'2  centim.  There  was,  therefore,  in 
each  quadrant  a  rectangular  area  of  which  these  dimensions 
are  the  sides  within  which  no  results  could  be  obtained. 

In  order  to  extend  the  experimental  curves  within  this  area, 
two  coils,  whose  centres  could  be  brought  within  2  millim.  of 
one  another,  were  constructed  from  the  remainder  of  the  piece 
of  wire  from  which  the  other  four  were  made.  Their  diameters 
were  approximately  the  same  as  those  of  the  other  coils  ;  but, 
owing  to  their  thinness  and  the  consequent  small  number  of 
convolutions  of  wire,  their  coefficient  of  mutual  induction  was 
much  less  ;  but  this  defect  was  compensated  to  some  extent  by 
their  proximity.  The  lines  of  force  due  to  them  were  slightly 
difterent  in  form  from  those  due  to  the  thick  coils  ;  but  as  in 
most  positions  of  the  thin  secondary  coil  the  lines  of  force 
passed  through  it  nearly  at  right  angles,  there  was  less  objection 
to  the  use  of  the  thin  coils  than  if  they  had  been  at  a  greater 
distance  apart.  They  were  fitted  one  to  each  of  the  coils  C 
and  D,  so  that  the  same  mountings  served  for  both,  and  the 
readings  wei-e  ol^tained  from  the  same  scales.  That  which  was 
fitted  to  the  former  we  shall  call  Co,  that  which  was  fitted  to 
the  latter  we  shall  call  D^. 

In  continuing  the  measurements  within  the  area  already 
mentioned,  the  coils  Co  and  Do  were  placed  in  the  same 
balancing  pair  of  positions  which  C  and  D  had  occupied  when 
the  last  point  of  a  given  positive  curve  was  determined.  The 
coil  B  was  then  moved  towards  F  along  the  guide  E  F  to  a 
position  in  which  the  mutual  induction  between  A  and  B 
balanced  that  between  Cq  and  Do ;  this  gave  the  desired  value 
to  the  induction-coefficient  of  the  curve  ;  and  the  remaining 
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points  were  found  as  in  previous  cases.  Without  again  shifting 
the  coil  B,  a  negative  curve,  the  induction-coefficient  of  which 
had  the  same  relative  value  as  that  of  the  positive  curve, 
could  either  be  continued  or  completely  traced  out  by  inter- 
changing the  leading  wires  of  the  coil  Dq  and  passing  it  to  the 
negative  region.  Thus  the  curves,  whether  positive  or  negative, 
could  either  be  continued  or  completely  traced  out  with  the 
thin  coils  just  as  with  the  thick  ones  ;  and  a  constant  value 
could  be  given  to  the  mutual  induction  between  the  coils  Cq 
and  Do  in  each  pair  of  balancing  positions,  proportional  to, 
althoucrh  not  the  same  as  the  value  assigned  to  M  for  a  given 

-r-r  /»        1  "1 

curve.  Hence  the  path  traced  out  by  the  centre  of  the  cou 
Do  was  practically  the  same  as  that  which  would  have  been 
followed  by  the  centre  of  the  coil  D,  had  it  been  possible  to 
use  it  in  tracing  the  same  curve  in  that  part  of  the  field.  The 
value  of  the  induction-coefficient  of  each  of  the  two  curves 
nearest  to  the  origin  is  uncertain,  as  the  value  of  z  which 
corresponds  to  that  of  x  for  either  of  these  curves  is  beyond 
the  range  of  the  cmwe,  fig.  1.  A  convenient,  although  un- 
certain value  was  given  to  the  induction-coefficient  of  either 
of  these  curves  by  placing  D^,  at  the  point  P  and  moving  Cq 
towards  0  until  the  distance  between  the  centres  of  Cq  and  Dq 
was  equal  to  that  between  the  origin  and  the  point  where  the 
curve  was  required  to  cross  the  axis  of  x,  then  balancing  by 
the  coil  B  and  finding  the  remaining  points  of  the  curve.  In 
completing  several  of  these  curves  for  which  the  value  of  M 
was  comparatively  small,  it  was  found  that  the  mutual  in- 
duction between  A  and  B  was  greater  than  that  between  Cq 
and  Do,  even  when  B  was  placed  at  the  extreme  end  of  the 
scale  E  F.  Hence,  in  order  to  reduce  it  in  such  cases,  B 
was  laid  do^^^l  flat  on  the  guide  and  displaced  towards  E  or 
F  until  a  balance  was  obtained  ;  and  although  the  value  of 
the  induction-coefficient  was  uncertain,  the  mutual  induction 
between  A  and  B  was  equal  to  that  between  Cq  and  Dq  when 
they  occupied  a  balancing  pair  of  positions  previously  occupied 
by  C  and  D,  and  remained  constant  while  A  and  B  retained 
the  same  relative  positions. 

The  coordinates  of  the  first  set  of  curves  of  constant  induc- 
tion are  given  in  Table  III.,  and  are  numbered  in  accordance 
with  Table  II. 

The  results  obtained  by  means  of  the  thin  coils  Co  and  Dq 
are  distinguished  in  the  Table  by  being  enclosed  in  square 
brackets  [  ]. 
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Table  III. 


Curve  1,  M  uncertain. 

Curve  2,  M  uncertain. 

X. 

y- 

X. 

y- 

[<»•-'] 

[0-97] 

[0-2] 
[0-5] 

[1-77] 

[0-31 

0-81] 

1-43] 

[0-4] 

0-58J 

[0-7] 

1-14] 
0-67] 

[0-5] 

0-0] 

[0-9J 

[1-0] 

00] 

OurreS,  M  =  32. 

Curve  4,  M  =  16. 

[0-2] 

[30fi] 

[0-2] 

[4-35] 

[1-0] 

[2-4] 

[1-0] 

[4-07] 

1-6 

1-50 

1-6 

3-74 

1-9 

0-88 

2-0 

3-46 

2025 

00 

30 

2.37 

3-5 

1-35 

3-72 

00 

Curve  5,  M=8. 

CurveG,  M=4. 

[0-2] 

[5-17] 

[0-2] 

[5-65] 

[lU] 

[5-07] 

[1-0] 

[5-69] 

IG 

4-985 

1-G 

5-695 

20 

4-885 

2-0 

5-705 

30 

4-505 

30 

5-68 

40 

3-855 

4-0 

5-5 

50 

2-705 

5-0 

5-15 

5-5 

IGG 

60 

4-53 

5-78 

0-0 

70 

3-5 

7-5 

2-69 

8-0 

1345 

8-15 

00 

Curve  7,  M=2. 

Curves,  M  =  l. 

[0-2] 

[5-89] 

[0-2] 

[6-0] 

[Kt] 

[6-0] 

[1-0] 

[6-15] 

IG 

G-105 

1-6 

6-325 

20 

6-195 

2-0 

6-475 

30 

6-43 

30 

6-89 

40 

6-585 

4-0 

7-28 

GO 

6-495 

6-0 

7-84 

8-0 

5-69 

8-0 

7-84 

90 

4-935 

10-0 

7-25 

10-0 

3-685 

120 

5-925 

10-5 

273 

130 

4-(i85 

10-8 

1-8 

14-0 

2-885 

1105 

0-0 

14-3 

1-555 

14-45 

00 

Electvomagnedc  Induction . 
Table  III.  {continued). 
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Curves 

,  M=0-5. 

Curve  IC 

,  M=0-25. 

X. 

y- 

X. 

1           y- 

[0-2" 

[6-07] 

[0-2J 

[6-12] 

[1-0' 

[6-24] 

[1-0] 

[6-29] 

1-6 

6-445 

1-6 

C-515 

2-0 

6-63 

2-0 

6-715 

30 

7-18 

30 

7-325 

40 

7*745 

4-0 

8-04 

60 

8-79 

6-0 

9-475 

8-0 

9-435 

8-0 

10-66 

10-0 

961 

10-0 

11-465 

12-0 

9-33 

12-0 

11-845 

140 

8-455 

14-0 

11-825 

160 

6-845 

16-0 

11-45 

17-0 

5-55 

18-0 

10-56 

18-0 

3-49 

190 

9-9 

18-5 

1-8 

200 

9-05 

18-7 

0-0 

21-0 

8-05 

22-0 

6-775 

23-0 

4-85 

23-5 

32 

23-8 

1-74 

240 

00 

Curve  11, 

M=0-125. 

[0-2] 

[6-141 

20-0 

150 

[1-0] 

[6-32] 

22-0 

14-45 

1-6 

6-545 

240 

13-55 

20 

6-76 

25-5 

12-525 

3-0 

7-42 

27  0 

11-175 

40 

8-215 

28-0 

10-05 

6-0 

9-965 

29  0 

8-725 

8  0 

11-635 

30-0 

683 

100 

13-025 

30-5 

6-5 

120 

14-075 

310 

3-95 

140 

14-82 

31-4 

2-05 

16-0 

15-2 

31-6 

0-0 

18-0 

15-2 

Curve  12, 

M=zero. 

[0-2] 

[6-15] 

12-0 

18-055 

1-0] 

[6-35] 

13-0 

19-45 

16 

6-575 

14-0 

20-775 

20 

6-8 

150 

22-15 

2-5 

7135 

160 

23-.54 

30 

75 

170 

24-9 

4-0 

8-38 

18-0 

26-275 

5-0 

9-395 

190 

27-65 

60 

10-505        i 

20-0 

29-0 

7-0 

11-675        i 

210 

30-376 

8-0 

12-89 

220 

31-775 

90 

14115         1 

23-0 

33-13 

100 

15-4 

24-0 

34-5 

110 

16-745 
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Curve  13,  M= -0125. 

Curve  14,  M= -0-25. 

X. 

!/• 

7/\                     X. 

y- 

y'- 

0 

[0-2] 
[1-0] 
1-6 
2-0 
30 
40 
50 
6-0 
7-0 
7-7 
8-0 

[e-i'ri] 

'6-38] 
6-615 
6-845 
7-6 
8-58 
9795 
11-275 
13-33 
15-325 
18-05 

260 

25-97 

25-86 

25-81 

25-5 

250 

24-35 

23-4 

21-95 

19-95 

18-05 

0 

[0-2] 
[10] 
1-6 
20 
30 
4-0 
5-0 
5-7 
5-9 

[6- 18] 
6-42] 
6-64 
6-89 
7-72 
8855 

10-475 

12-4 

1405 

20-22 

20105 

19-97 

19-83 

19-35 

18-56 

17-365 

15-75 

1405 

Curve  15,  M= -0-5.        ' 

Curve  16,  M=- 1-0. 

0 

[0-2] 
[1-OJ 
1-6 
2-0 
3-0 
4-0 
4-4 

[6-2] 
[6-48] 
6-725 
7-0 
7-96 
9-62 
11-9 

16-27    I 

i 

16-21     ' 
15975  ' 
15-79 
1509     1 
13-74 
12-33 

0 

[0-2] 
[10] 
1-0 
20 
3-0 
32 

[6-24] 
[6-56] 
6865 
7-195 
8-73 
9-49 

13-305 

13-125 

12-85 

126 

11-27 

10605 

Curve  17,  M=-2-0. 

Curve  18,  M= -4-0. 

0 

[0-2] 

[1-0] 

1-6 

2-0 

2-2 

[6-35] 

[6-7] 
7-215 
7-825 

8-48 

11-085 

10-835 

10-4 
9-845 
918 

0 

[0-2] 
[0-5] 

:   [0-7] 

[10] 
[1-2] 

[6-64] 

[6-81] 

[7-02] 

[7-445] 

[8-15] 

9-445 

9-33 
9-225 
[8-85] 
[8-15] 

Curve  19,  M= -8-0. 

Curve  20,  M=- 160. 

[0-2] 

[0-3] 

.    [0-4] 

[7-165] 

[7.33] 

[7-6] 

[8-42] 
[8-29] 
[802] 

0 

01 

015 

7-45 
7-52 

7-7 

80 

7*95 

7-83 

Point  of  maximum  negative 

intensity, 

No.  21,  M= -320. 

X.  V. 

1 

0         i        77 
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The  first  set  of  curves  of  constant  induction  are  given  in 
fig.  2,  Plate  X.  Curve  20  and  the  point  of  maximum  nega- 
tive induction  could  not  be  found  experimentally;  they  are 
therefore  only  given  as  near  approximations.  The  rectangular 
space  near  the  origin  shows  the  region  within  which  the  auxi- 
liary coils  Co  and  Dq  (see  p.  338)  had  to  be  employed.  These 
curves  represent  the  contour-lines  of  one  quadrant  of  the  sur- 
face above  described,  and  show  at  what  distance  from  the 
origin  any  curve  cuts  the  axis  of  y.  Knowing  this,  and  know- 
ing also  the  relative  value  of  M  or  of  s  for  each  curve, 
we  obtain  a  set  of  values  for  the  coordinates  of  a  curve  which 
may  be  viewed  as  a  section  of  the  surface  in  question  in  a 
plane  containing  the  axes  of  ?/  and  z.  These  coordinates  are 
given  in  Table  IV.;  the  curve  plotted  by  means  of  them  is 
given  in  fig.  3,  PI.  XI.;  but  the  dotted  part  of  it  is  only  ap- 
proximate. 

Table  IV. 


y- 

z. 

y- 

y'- 

z. 

2-6 

39-55 

615 

26-0 

-  0125 

307 

320 

6-17 

20-22 

-  0-25 

4-38 

16-0 

6-19 

16-27 

-  0-5 

518 

8-0 

6-23 

13305 

-  1-0 

5-64 

40 

6-33 

11085 

-  2-0 

5-88 

20 

6-58 

9-44 

-  4-0 

5-99 

10 

702 

8-48 

-  8-0 

606 

0-5 

7-45 

80 

-16-0 

611 

0-25 

7-7 

7-7 

-32-0 

613 

0125 

6-14 

00 

! 

In  order  to  give  a  better  idea  of  the  symmetry  of  the  curves 
of  constant  induction  than  can  be  got  from  fig.  2,  the  curves 
in  that  figure  have  been  repeated  in  the  other  quadrants,  and 
are  given  in  fig.  4,  PI.  XI.,  for  the  whole  of  the  magnetic  field 
of  the  primary  coil.  Now  every  thing  is  symmetrical  rela- 
tively to  the  axis  of  x,  and  each  curve  represents  a  section  of 
a  surface  of  revolution  about  that  axis.  Hence,  if  the  curves 
are  supposed  to  revolve  round  the  axis  of  x,  a  number  of  sur- 
faces of  revolution  will  be  generated,  each  of  which  will  be  a 
surface  of  constant  induction,  the  surfaces  of  positive  induction 
being  separated  from  those  of  negative  induction  by  the  sur- 
face of  no  induction.  The  positive  surfaces  may  be  described 
as  shells  which  enclose  one  another,  and  each  of  which  turns 
inwards,  closing  up  round  the  axis  of  x  on  each  side  of  the 
origin.  The  zero-surface,  which  divides  the  positive  from  the 
negative  surfaces,  instead  of  closing  up,  may  be  supposed  to 
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extend  in  space  to  an  infinite  distance.  The  negative  surfaces 
turn  outwards  and  close  up  in  a  plane  containing  the  axes  of 
.r  and  c  :  tliov  are  hollow  circular  rinirs  which  enclose  one 
another,  and  which  have  their  common  centre  at  the  origin  of 
coordinates. 

In  the  series  of  measurements  for  the  determination  of  the 
second  set  of  curves,  the  axis  of  the  coil  D  was  perpendicular 
to  that  of  C,  but  otherwise  every  thing  was  arranged  as  in  the 
dia<xram.  The  same  values  were  oriven  to  M  for  these  curves 
as  for  the  others,  by  setting  the  coil  B  in  the  same  positions 
on  the  scale  E  F  which  it  had  occupied  during  the  previous 
experiments.  These  curves  are  numbered  in  accordance  with 
Table  V. 

Table  V. 


Number  of  curve. 

X. 

M. 

1  

31-6 
S40 

18-7 
14-45 
11-05 
815 

0125 

0-25 

0-5 

10 

2-0 

40 

2  

3  

4  

5  

6  

The  zero- curve  of  this  set  coincides  with  the  axes  of  coor- 
dinates; and,  in  general,  when  two  similar  coils  with  their  axes 
perpendicular  are  employed,  one  as  primary  and  the  other  as 
secondary,  their  mutual  induction  is  zero  when  the  axis  of  the 
one  lies  in  the  mean  plane  of  the  other.  This  shows  that  any 
curve  of  the  second  set  for  which  the  value  of  M  is  small  must 
make  a  near  approach  to  the  axes  of  coordinates  in  the  neigh- 
bourhood of  the  origin,  and  that  a  part  of  each  curve  in  that 
region  cannot  be  traced  experimentally  w'ith  the  coils  em- 
ployed. The  coordinates  of  these  curves,  as  far  as  it  was 
found  possible  to  determine  them  experimentally,  are  given  in 
Table  YI. ;  but  there  is  with  this  set  a  larger  space  near  the 
origin  within  which  the  dimensions  of  the  coils  made  it  im- 
possible to  get  measui-ements  than  was  the  case  with  the  first 
set  of  curves.  In  the  figures,  the  curves  are  continued  con- 
jecturally  within  this  space  by  dotted  lines.  The  second  set 
of  curves  are  given  in  fig.  5,  PI.  X. 
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Curve  1,  M=0-125. 

X. 

y- 

y'- 

X. 

y- 

y'- 

0-06 

01 

0-2 

0-3 

0-4 

0-5 

0-7 

1-0 

1-5 

20 

3-0 

4-0 

50 

5-02 

71 

9-26 
10-45 
11-34 
12-1 
13-3 
14-54 
16-2 
17-37 
19-18 
2U-48 
21-42 

5-5 
6-0 
8-0 
10-0 
12-0 
14-0 
160 
18-0 
200 
220 
23-0 
24-0 

0-05 
0-05 
0-12 
0-23 
0-47 
0-84 
1-35 
2-3 
3-67 
5-72 
7-29 
1025 

21-88 

22-22 

23-3 

23-85 

24-15 

23-97 

23-49 

22-57 

21-1 

18-9 

17-05 

13-48 

Curve  2,  M  =  0-25. 

X. 

y- 

y'- 

X.         '        y.                y'. 

0-1 
0-2 
0-3 
0-4 
0-5 
0-7 
10 
1-5 
2-0 
3-0 
4-0 

609 

7-18 

8-28 

9-16 

9-77 

10-74 

11-82 

1313 

14-13 

15-55 

16-54 

50 

5-5 

6-0 

8-0 

10-0 

120 

14-0 

16-0 

17-0 

180 

18-4 

0-1 

0-11 

0-24 

0-53 

1-03 

1-9 

3-44 

4-55 

6-51 

8-0 

17-26 

17-54 

17-77 

18-36 

18-45 

18-02 

171 

15-45 

14-22 

12-27 

10-4 

Curve  3,  M  =  0-5. 

Curve  4,  M  =  10. 

X.                 y. 

^'• 

X.         1        y. 

y'- 

0-21 

0-3 

0-4 

0-5 

0-7 

1-0 

1-5 

20 

30 

40 

5-0 

5-5 

6-0 

8-0 

10-0 

12-0 

13-0 

14-0 

14-5 



0-17 

0-19 

0-23 

0-5 

107 

2-19 

317 

4-69 

6-34 

5-4 

6-4 

7-24 

7-84 

8-72 

9-72 

10-88 

11-65 

12-82 

13-59 

14-1 

14-28 

14-38 

14-54 

14-06 

12-87 

11-82 

10-17 

8-35 

0-4 

0-5 

0-7 

10 

1-5 

i        2-0 

3-0 

4-0 

1        5-5 

60 

8-0 

100 

11-0 

11-4 

i 

0-39 
0-46 
1-01 
2-33 
3-85 
5-0 

5-42 
61 
702 
7-92 
8-89 
9-57 
10-52 
11-06 

li"-46 

11-04 

9-64 

8-11 

6-9 
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Curves,  M  =  2.                 ! 

Curve  6,  M=4. 

X. 

y- 

!/'• 

X. 

y- 

y'- 

08 
10 
1-6 
20 
30 
40 
50 
6-2 
60 
70 
80 
90 



0-69 
0-92 
1-37 
2-23 
413 

554 
617 
7-27 
7-76 
8'54 
8-91 
90 

s'ss 

8-41 
7-58 
5-56 

1-6 

1-8 
20 
2-5 
30 
40 
50 
5-5 
60 
6-5 
7-0 

1-55 
1-9 
2-45 
362 

55 

5-76 

60 

6-45 

6-72 

6-96 

682 

666 

6-31 

5-78 

4-61 

The  positive  and  negative  curves  of  the  second  set  have  the 
same  form,  and  are  positive  in  one  quadrant  and  negative  in 
another  alternatelv.  They  have  been  treated  as  an  indepen- 
dent set  of  curves  ;  but,  as  will  afterwards  appear,  they  are 
not  so,  but  are  merely  a  special  case  in  which  the  positive 
curves  of  the  first  set  have  become  separated  by  the  interve- 
ning zero-curve  which  coincides  with  the  axes  of  x  and  y.  In 
this  case  any  corresponding  pair  of  positive  and  negative 
curves,  besides  having  the  same  form,  have  also  the  same 
linear  dimensions.  In  every  other  case  the  form  and  linear 
dimensions  of  any  corresponding  pair  of  positive  and  negative 
curves  are  different,  the  linear  dimension  of  the  negative 
curve  being  always  less  than  that  of  the  positive.  Hence 
this  is  the  case  in  Avhich  the  linear  dimension  of  any  negative 
curve  is  greatest,  and  in  which  that  of  the  corresponding  posi- 
tive curve  is  least.  The  second  set  of  curves,  for  the  whole  of 
the  magnetic  field,  are  given  in  fig.  6,  PI.  IX.,  which  shows  the 
relative  positions  occupied  by  them  in  the  various  quadrants. 


When  a  system  of  curves  of  constant  induction  have  been 
obtained  for  a  given  pair  of  coils,  they  may  be  used  to  give 
the  total  inductive  effect  produced  on  one  of  the  coils  by  a 
given  change  of  relative  position  while  the  other  coil  is 
traversed  by  a  current  of  known  strength.  To  simplify  the 
statement,  suppose  the  primary  coil  in  which  there  is  a  current 
of  uniform  strength  C  to  remain  at  rest  while  the  secondary 
coil  is  moved  from  a  position  such  that  the  coefficient  of  mutual 
induction  is  Mj,  to  a  position  in  which  this  coefficient  becomes 
Mj.     Then,  if  t  is  the  time  occupied  by  the  movement,  the 
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average  electromotive  force  e  which  acts  in  the  secondary 
circuit  during  the  movement  is 

and  if  r  be  the  resistance  of  the  secondary  circuit,  the  average 
strength  of  the  secondary  current  is 

€  =  -= C. 

r  r  t 

The  total  quantity,  q,  of  electricity  conveyed  b}-  the  secondary 
current  is  consequently 

^  —  ^  *     M2  —  Ml  p 
r 

and  is  therefore  independent  of  the  time  occupied  in  the 
displacement  of  the  secondary  coil. 

The  values  of  Mi  and  M2,  the  coefficients  of  induction 
corresponding  to  the  initial  and  final  positions  of  the  secondary- 
coil,  can  be  obtained  by  inspection  of  diagrams  of  curves  of 
constant  induction  such  as  those  which  accompany  this  paper. 
It  is  evident  that  the  total  secondary  current  is  nothing  in 
every  case  in  which  the  secondary  coil  is  moved  so  as  to 
make  M2  =  Mi  (that  is,  whenever  the  secondary  coil  in  its 
final  position  is  on  the  same  curve  as  in  its  first  position),  and 
that  the  secondary  current  is  positive  when  the  absolute  value 
of  ^lo  is  greater  than  that  of  Mi,  and  negative  when  Mj  is  less 
than  Ml. 

The  spaces  between  the  curves  in  the  figures  may  be  filled 
up  as  follows  by  other  curves,  for  which  the  values  of  M  lie 
within  the  available  range  of  the  curve  fig.  1.  Assume  a 
value  for  M  which  will  lie  between  its  values  for  two  curves 
already  drawn  ;  take  this  as  the  value  of  z,  and  find  the  point 
of  the  curve  fig.  1  to  which  it  corresponds.  A  point  on  the 
axis  of  X  will  thus  be  found,  which  will  divide  the  distance 
between  the  two  points  on  that  axis,  whose  values  are  those 
of  X  for  the  given  curves,  into  two  parts  whose  ratio  may 
easily  be  found.  Then,  if  a  series  of  points  between  the  two 
given  curves  are  found  for  which  this  ratio  is  constant,  a 
curve  joining  these  points  will  be  a  curve  of  constant  induction, 
for  which  the  value  of  M  will  be  that  which  was  assumed. 

The  curves  of  constant  induction  may  also  be  employed  in 
a  graphic  method  for  determining,  at  a  number  of  points  in 
the  magnetic  field,  the  direction  of  the  resultant  inductive 
effect  on  the  secondary  coil  in  the  positions  in  which  it  was 
used  in  the  measurements  for  determining    the  two  sets  of 
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curves.  If  tlio  curves  figs.  2  and  5  are  superposed  as  in 
fig.  7,  PI.  X.,  we  may  resolve  by  the  parallelogram  of  forces 
at  a  number  of  points  wliere  the  curves  intersect.  For  this 
purpose  components  are  taken  whose  values  are  proportional 
to  the  values  of  M  for  the  curves,  and,  from  the  point  wliere 
any  two  curves  intersect,  lines  are  drawn  proportional  to  these 
values  for  the  two  intersecting  curves.  The  component  which 
is  proportional  to  the  value  of  M  for  the  curve  of  the  first 
set  is  drawn  parallel  to  the  axis  of  x ;  and  that  for  the  curve 
of  the  second  set  is  drawn  at  right  angles  to  it.  Compounding, 
we  then  obtain  as  resultant  a  straight  line  proportional  to  the 
magnitude,  and  in  the  direction,  of  the  resultant  inductive 
efl'ect  on  the  secondary  coil  in  two  positions  at  right  angles  to 
each  other.  The  arrows  at  the  points  of  intersection  of  the 
curves  in  fig.  7  show  the  directions  of  these  resultants.  If 
the  curves  had  been  obtained  by  means  of  an  indefinitely 
small  secondary  coil,  the  i-esultants  would  have  been  tangents 
to  the  lines  of  force,  and  the  straight  lines  drawn  through  the 
same  points  at  right  angles  to  the  resultants  would  have  been 
tangents  to  the  equipotential  curves  ;  but  with  the  coils  em- 
ployed this  is  not  strictly  the  case. 

The  two  sets  of  curves  in  the  figures  are  so  related 
to  one  another  that  the  one  set  may  be  viewed  as  a 
modified  form  of  the  other.  If  we  begin  with  the  axes  of  the 
primary  and  secondary  coils  parallel,  and  gradually  increase 
the  angle  between  them,  the  curves  of  maxinmm  induction,  as 
it  were,  carry  the  curves  of  constant  induction  round  Avith 
them,  while  the  curves  of  zero  induction,  in  moving  round, 
ahvays  form  lines  of  demarcation  which  separate  the  positive 
from  the  negative  regions.  The  positive  curves  of  constant 
induction  at  the  same  time  become  distorted  and  gradually 
contract,  the  linear  dimension  of  each  curve  becoming  less 
until  the  angle  between  the  axes  is  about  90°.  When  this 
angle  has  become  exactly  90°,  the  positive  curves  of  constant 
induction  have  become  separated  into  two  distinct  divisions 
by  the  intervening  zero-curve  (which  coincides  with  the  axes 
of  x  and  ?/),  so  that  they  then  occupy  two  opposite  quadrants. 
Now,  both  the  positive  and  the  negative  curves  move  round 
together ;  but  as  the  negative  curves  are  carried  round  they 
become  distorted  and  gradually  expand,  the  linear  dimension 
of  each  curve  becoming  greater  until  the  angle  between  the 
axes  of  the  coils  is  90°.  When  this,  which  is  the  extreme  or 
limiting  case,  has  been  reached,  the  form  and  linear  dimension 
of  any  negative  curve  are  the  same  as  those  of  either  of  the 
two  corresponding  positive  curves  for  which  the  value  of  M 
is   the   same,  and    the   two   sets  of    negative  curves,  which 
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originally  were  each  bisected  by  the  axis  of  i/,  have  then  come 
to  occupy  the  two  remaining  opposite  quadrants.  Thus  the 
one  set  of  curves  of  constant  induction  merges  into  the  other, 
and  the  forms  of  both  sets,  which  may  be  described  as  ovals, 
depend  upon  the  angle  between  the  axes  of  the  primary  and 
secondary  coils. 

"We  see,  then,  that  the  second  set  of  curves,  although  found 
experimentally,  are  not  entirely  independent  of  the  first  set, 
and  that  being  positive  and  negative  in  alternate  quadrants, 
they  have  no  corresponding  surfaces  of  revolution,  that  the 
only  curves  of  constant  induction  which  have  corresponding 
surfaces  of  revolution  are  those  which  are  obtained  when  the 
axes  of  the  primary  and  secondarv^  coils  are  parallel,  and  that 
all  curves  of  constant  induction  which  are  due  to  the  coils 
when  their  axes  make  any  other  angle  with  each  other  are 
merely  modified  forms  of  them. 

The  arrangement  of  apparatus  employed  in  this  investigation, 
namely  two  similar  coils  in  the  primary  and  two  other  similar 
coils  in  the  secondary  circuit,  was  employed  by  Dove  in  his 
researches,  and  was  called  by  him  the  "  Differential  Inductor" 
{Annahs  de  Chimie  et  de  Physique,  tome  iv.  1842). 

The  same  arrangement  was  employed  by  Felici,  a  short 
account  of  whose  researches  is  given  in  Maxwell's  'Electricity 
and  Magnetism,'  vol.  ii.  pp.  169—172. 

In  conclusion,  ray  special  thanks  are  due  to  Prof.  G.  C. 
Foster,  for  the  general  interest  which  he  has  taken  in  this 
subject,  and  for  many  important  suggestions  made  during  the 
progress  of  the  investigation. 


XLIV.    On  a  2feic  Polarizing  Prism. 
By  Professor  Silyanus  P.  Thompson,  B.A.,  D.Sc* 

1.  "VTEITHER  the  polarizing  prism  of  Xicol  nor  that  of 
-i-^  Foucault  can  be  regarded  as  perfect.  The  latter 
especially  has  so  small  an  angular  aperture  available,  as  to  be 
very  inconvenient  for  any  but  narrow  beams  of  parallel  light. 
The  author  has  sought  to  improve  upon  the  existing  forms  of 
polarizing  prism  ;  and  his  investigations  into  the  cause  of 
their  defects  have  led  him  to  produce  prisms  having  a  consi- 
derably wider  effective  angular  aperture. 

2.  In  the  text-books  it  is  usual  to  tell  students  that  in  the 
Nicol  prism  the  ordinary  ray  is  suppressed  by  total  reflexion 
because  the  ordinary  index  of  refraction  is  greater  than  that 

*  Communicated  by  the  Author,  having  been  read  before  Section  A  of 
the  British  Association,  September  7,  1881. 
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of  balsam,  and  that  the  extraordinary  ray  is  transmitted 
because  the  extraordinary  index  of  refraction  is  less  than  that 
of  balsam.  Neither  of  these  statements  is  completely  true. 
All  that  its  inventor  claimed  for  the  Nicol  prism*,  and  all  that 
it  actually  performs,  is  as  follows: — The  critical  an^le  of  total 
reflexion  being  ditferent  for  ordinary  and  extraordinary  rays, 
the  ordinary  ray  is  totally  reflected  and  thrown  out  of  the  field 
at  an  incidence  at  which  the  extraordinary  ray  is  still  trans- 
mitted, the  aA-ailable  field  of  polarized  light  being  the  region 
between  the  points  where  the  extraordinary  ray  itself  vanishes 
by  total  reflexion  and  the  ordinary  ray  enters  by  lack  of  total 
reflexion.  The  former  limit  is  in  all  ordinary  Kicol  prisms 
marked  by  a  broad  blue  iris  or  band  of  colour ;  the  latter  is 
delimited  by  a  curved  band  at  the  opposite  side  of  the  field,  in 
which,  amidst  a  prevailing  line  of  red  and  orange,  a  system  of 
interference-bands  can  be  seen.  The  existence  of  these  inter- 
ference-fringes was  examined  by  the  author  in  l^ill,  in  a 
paper  which  appeared  in  the  Proceedings  of  the  Physical 
Society  of  London,  vol.  ii.  p.  157.  In  the  Foucault  prism  a 
similar  limitation  of  the  field  occurs,  interference-fringes  being 
visible  at  both  limits. 

3.  The  refractive  index  of  balsam  for  light  of  mean  refran- 
gibility  may  be  taken  as  1'54,  that  of  the  ordinary  ray  in 
calc-spar  as  1*66,  that  of  the  extraordinary  ray  as  1"487.  The 
reciprocals  of  these  are  very  nearly  in  the  respective  propor- 
tions of  65,  67,  60.  The  extraordinary  index,  however,  is 
1"487  only  for  rays  at  right  angles  to  the  crystallographic  axis, 
having  there  a  minimum,  and  increasing  up  to  1"66  for  rays 
whose  direction  coincides  with  that  of  the  axis.  The  ellip- 
soidal wave-surface  of  the  sheet  of  extraordinary  waves  lies 
partly  without  and  partly  Avithin  the  spherical  wave-surface 
for  Canada  balsam,  while  the  spherical  wave-surface  of  the  sheet 
of  ordinary  waves  lies  wholly  within.  Hence  total  reflexion 
may  occur  for  the  extraordinary  as  well  as  for  the  ordinary 
rays  ;  but  of  the  extraordinary  rays  only  those  can  suffer  total 
reflexion  which  are  situated  in  such  a  direction  with  respect  to 
the  optic  axis  that  their  corresponding  portion  of  the  ellipsoidal 
wave-surface  lies  within  the  spherical  wave-surface  for  balsam. 
As  the  Nicol  prism  is  usually  constructed,  this  limit  of  possible 
extraordinary  total  reflexion  occurs  for  ravs  (in  a  principal 
plane  of  section)  inclined  at  about  10°  to  the  balsam  film,  giving 
rise  to  the  limit  of  the  polarized  field  marked  oif  by  the  blue 
iris  before  mentioned. 

*  See  Edinburgh  New  Philosophical  Journal,  1828,  p.  23,  W.  Nicol, 
"  On  a  Method  of  so  far  increasing  the  Divergency  of  the  two  Rays  in 
Calcareous  Spar  that  only  one  Image  may  be  seen  at  a  time." 
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4.  The  author  has  succeeded  in  widening  the  available  field 
of  polarized  light  by  constructing  polarizing  prisms  in  which 
this  blue  iris,  and  the  total  reflexion  of  the  extraordinary  ray 
which  produces  it,  are  got  rid  of.  This  can  be  done  by  cut- 
ting the  crj-stal  so  that  (1)  the  balsam  film  lies  in  a  principal 
plane  of  section,  and  (2)  the  crystallographic  axis  is  at  right 
angles  to  the  axis  of  the  prism. 

The  result  of  this  mode  of  orientation  of  the  axis  and  film 
is  to  gain  9°  of  angular  aperture  at  this  side  of  the  ''  field," 
supposing  the  angles  respectively  made  by  the  film  and  by  the 
terminal  planes  with  the  axis  of  the  prism  to  be  the  same  as  in 
the  Nicol  prism. 

It  is  possible  to  produce  a  further  increase  in  width  of  avail- 
able aperture  at  the  other  side  of  the  field  by  reflecting  back 
the  ordinary  ray  more  than  in  the  Nicol  prism  by  making  the 
terminal  faces  more  oblique ;  but  there  is  then  more  loss  of 
light  by  reflexion  at  the  surfaces. 

5.  Beside  the  advantage  of  a  wider  angular  aperture,  this 
new  form  of  polarizing  prism  has  the  advantage  of  producing 
a  field  in  which  the  rectilinear  polarization  approximates  more 
uniformly  and  symmetrically  to  a  polarization  in  one  plane 
than  is  the  case  in  the  ordinary  Nicol.  There  is,  however, 
more  waste  in  cutting  the  spar,  with  proportionate  increase  in 
cost. 

XLV.  Phenomena  of  Binaural  Audition. — Part  III. 
By  Professor  Silvanus  P.  Thompson,  B.A.,  JD.Sc* 

1.  TN  the  author's  papers  of  1877  and  1878  he  stated  that, 
-L  when  two  separate  simple  tones  reach  the  ears  without 
previously  mingling,  the  difference-tone,  or  grave  harmonic, 
is  not  heard,  though  beats  are  if  the  tones  are  within  beating- 
distance.  The  latter  statement  referred  to  the  beats  of  imper- 
fectly-tuned unisons,  which  was  the  only  case  of  primary 
beats  examined  at  the  timef. 

*  This  paper,  read  before  Section  A  of  the  British  Association  at  York, 
continues  the  researches  communicated  to  the  British  Association  by  the 
Author  in  1877  and  1878,  and  printed  in  this  Magazine.  Seep.  274^ Oct. 
1877,  and  p.  383,  Nov.  1878. 

t  This  phenomenon  of  subjective  interference,  which  was  announced 
in  the  author  s  paper  of  1877,  and  further  discussed  in  his  paper  of  1878, 
was  independently  announced  on  Nov.  28,  1877,  by  Professor  Graham 
Bell  as  having  been  discovered  by  himself  and  Sir  W.  Thomson  (subse- 
quently to  the  publication  of  the  author's  first  paper).  The  phenomenon 
was  also  known  in  1874  to  Mach,  who  mentions  it  at  the  end  of  a  papei 
on  the  Functions  of  the  Pinnae  of  the  Ears  (published  in  the  Archivfur 
Ohrenheill-unde),  and  ascribes  it  to  a  conduction  of  the  sound  through  the 
mass  of  the  skull. 


352  Prof.  S.  P.  Thompson  on  the  Phenomena 

2.  The  beats  of  inistuned  consonances  of  tlie  form  n  :  1, 
which  were  not  explicitly  mentioned  in  the  author's  papers, 
nor  at  that  time  subjected  by  him  to  detailed  examination, 
have  lately  claimed  attention  on  account  of  the  revival  of  the 
dispute  between  acousticians  of  two  schools  concerning  the 
orio;in  of  ditference-tones,  or  grave  harmonics.  Dr.  Kiinior 
of  Paris  still  consistently  advocates  the  theory  of  Smith  and  of 
Young — that  the  beats  (which  represent  in  frequency  the  dif- 
ference between  the  vibration-frecjuencies  of  the  two  interfering 
tones)  pass,  when  occurring  suthciently  rapidly,  into  beat- 
tones  (as  he  calls  the  differential  tones).  All  mathematical 
acousticians  agree,  on  the  other  hand,  that  this  is  physically 
impossible  if  the  tones  are  pure  and  of  so  small  an  amplitude 
that  the  squares  and  higher  powers  of  the  displacements  may 
be  neglected.  A  very  important  paper  on  this  matter  by  Mr. 
Bosanquet  has  lately  appeared*,  in  which  the  following  state- 
ments are  made : — ( 1 )  That  the  beats  and  difierence-tones  of  im- 
perfect consonances  other  than  unisons  avQ subjective];  (2)  that 
the  beats  consist,  as  Konig  discovered  in  IbTa,  of  variations 
in  the  intensity  of  the  lower  of  the  two  interfering  tones  ; 
(3)  that  if  the  squares  and  higher  powers  of  the  displacements 
be  not  neglected  in  the  equations,  a  term  appears  having  a 
period  whose  frequency  is  the  difference  of  the  frequencies  of 
the  generating  tones,  as  required  by  Helmholtz's  theory  of  the 
difference-tones,  and  corresponding  to  Konig's  loieer  beat- 
notes.  In  this  last  we  have  the  apparent  reconciliation  of  the 
experiments  of  Kuuig  with  the  theory  of  Helmholtz.  To  his 
former  experiments  Konig  has  now  added  a  fresh  series  with 

*  Phil.  Mag.  June  1881,  and  Supplementary  Number,  June  1881. 

t  I  am  not  quite  sure  whether  I  entirely  understand  the  sense  in  which 
Mr.  Bosanquet  uses  the  word  subjective.  If  he  means  by  this  term  that 
the  phenomena  of  beats  and  difterence-tones  exist  only  in  the  mind,  brain, 
or  nerve-structures  of  the  ear,  being  generated  in  the  sensory  apparatus 
by  something  which  physically  has  no  existence,  beiug  in  fact  only  phan- 
toms of  the  imagination,  then  I  entirely  dift'er  from  him.  But  if  by  sub- 
jective Mr.  Bosanquet  means  that  the  existence  of  these  phenomena, 
though  physically  and  mechanically  true,  is  limited  to  the  receptive  me- 
chanism of  the  ear,  then  I  beg  in  the  first  place  to  disagree  with  such  a 
perversion  of  the  adjective,  and  in  the  second  place  to  deny  that  any  such 
limitation  exists.  The  beats  are  objective :  they  can  be  seoi  in  a  mano- 
metric  flame  if  the  primary  tones  are  sufficiently  loud.  The  difference- 
tones  of  the  mistuned  consonances  in  question  are  also  objective,  inasmuch 
as  a  suitable  asymmetrical  resonator  will  reinforce  them.  What  is  the 
ear  but  a  complex  resonator  upon  whose  parts  vibrations  from  without 
can  be  forced ':'  And  if,  b}'  reason  of  a^iymmetry  in  the  ear,  the  higher 
tei-ms  of  the  displacements  can  "  by  transformation  "  generate  resultant 
displacements  whose  periods  are  those  of  the  tones  in  question,  and  force 
them  upon  the  sentient  apparatus,  then  the  same  tones  can,  for  precisely 
the  same  reason,  be  taken  up  by  any  other  suitable  asymmetrical  resonator. 
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a  new  instrument — the  tcnve-siren* .  In  this  instrument  disks, 
upon  whose  edges  have  been  cut  the  wave-forms  of  mistuned 
consonances,  are  rotated  in  front  of  a  nozzle  through  which  air 
is  blown,  and  yield,  when  rotated  slowly,  beati>,  but  when 
rotated  rapidly,  beat-tones. 

3.  The  author  has  recently  submitted  to  examination  by 
binaural  hearing  the  case  of  mistuned  consonances  of  the  form 
n  :  1,  with  the  following  results. 

(a)  Mistuned  Unison. — Two  stopped  organ-pipes  (C  of  4-foot 
octave),  sometimes  blown  from  one  source,  sometimes  from 
two,  were  used,  one  being  kept  to  exact  tuning,  the  other 
raised  and  lowered  in  pitch  by  altering  position  of  stopper  or 
by  holding  an  obstacle  to  the  lip  of  the  pipe.  A  glass  funnel 
was  placed  in  front  of  each  pipe ;  and  two  indiarubber  tubes 
led  the  sounds  to  the  ears  independently.  Beats  were  heard, 
which  ceased  if  either  pipe  was  nipped.  The  rise  and  fall  of 
the  individual  tone  of  the  one  pipe  could  also  be  distinguished. 
The  beats  appeared  to  wander  from  ear  to  ear. 

(h)  Mistuned  Octave. — A  similar  arrangement  applied  to 
the  mistuned  octave  entirely  confirmed  the  second  point  of 
Mr.  Bosanquet's  research.  Whether  the  upper  or  the  lower  note 
of  the  octave  interval  was  tampered  with,  and  whether  raised' 
or  lowered,  beats  were  heard,  and  those  beats  consisted  exclu- 
sively of  variations  in  loudness  of  the  lower  note.  That  ear 
which  received  the  higher  note  heard  merely  variations  in 
pitch  when  that  note  was  tampered  with,  heard  no  variations 
either  of  pitch  or  of  intensity  when  the  lower  note  was  tam- 
pered with.  The  ear  which  received  the  lower  note  heard 
merely  variations  of  intensity  (beats)  when  the  upper  note 
was  tampered  with,  but  heard  variations  both  of  intensity  and 
pitch  when  the  lower  note  was  tampered  with. 

Two  forks  giving  C  and  C'^  (mistuned)  were  next  tried 
side  by  side  in  a  room,  funnels  placed  opposite  them  being 
connected  to  separate  ears.  Here  the  sounds  mingled  to  some 
extent  before  reaching  the  ears,  and  beats  were  heard  by  both 
ears  ;  but  very  careful  listening  showed  that,  as  before,  the 
beats  were  variations  of  loudness  of  the  lower  tone.  When 
this  was  relatively  much  the  louder  of  the  two,  the  beats  were 
best  heard  in  the  ear  listening  to  the  higher  fork.  When  the 
higher  fork  was  the  louder  of  the  two,  the  beats  were  much 
more  distinct  to  the  ear  listening  to  the  lower. 

The  experiment  was  then  repeated,  but  with  the  essential 

difference  that  the  forks  were  sounded  in  different  rooms,  and 

their  sounds  conveyed  to  the  observer  by  indiarubber  tubes 

through  the  key-holes  of  the  doors.     No  sound  was  audible 

*  Wied.  A)m.  March  1881,  Bd.  xii.  Heft  3,  p.  335. 
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except  through  the  tubes.  Under  these  circumstances  very- 
distinct  beats  were  heard ;  and  they  were  beats  exclusively  of 
the  lower  note.  Here,  however,  a  very  curious  subjective 
phenomenon  presented  itself,  similar  to  that  noted  in  the 
author^s  earlier  researches  in  the  case  of  unisons  in  different 
phase:  the  beats  of  the  lower  notes  did  not  seem  to  be  mere 
maxima  and  minima  of  loudness;  they  were  heard  as  a  moving 
of  the  lower  tone  backward  and  forward  from  the  ear  to  the 
back  of  the  head. 

(c)  Mistimed  Twelfth. — For  this  interval  the  arrangement 
with  stopped  organ-pipes  was  reverted  to,  the  higher  note 
being  raised  and  lowered  in  pitch.  To  one  ear  the  higher 
note  simply  rose  and  fell  in  pitch  without  the  least  throb.  To 
the  other  ear  the  lower  note  merely  throbbed.  Extreme  mis- 
tuning,  so  that  the  beats  became  too  rapid  for  distinction  (at 
60  or  70  per  second),  yielded  no  differential  tone,  though  such 
was  heard  strongly  when  the  two  sounds  were  mingled  together 
before  reaching  the  ears. 

An  experiment  with  tuning-forks  gave  a  similar  result. 

At  this  stase  resonators,  consisting  of  rectangular  boxes 
closed  at  one  end,  were  tried,  with  the  result  of  bringing  out 
the  phenomenon  much  more  loudly.  The  beats  of  the  lower 
note  are  not  subjective. 

{d)  Mistimed  Douhle-octave. — The  mistuned  double-octave 
gave  equally  marked  results.  When  the  upper  note  was 
altered  the  effects  in  the  ears  were  as  follows  :  the  lower  note 
throbbed;  the  upper  note  merely  rose  and  fell  in  pitch.  When 
the  lower  note  was  altered  the  upper  remained  unchanged,  but 
the  lower  rose  and  fell  and  throbbed. 

Experiments  on  Interference  hetioeen  Objective  and  Subjective 

Tones. 

4.  The  author  has  tried  to  produce  interference  between  an 
objective  and  a  subjective  tone  in  the  following  manner: — 
In  the  spring  of  the  present  year,  after  a  violent  catarrh  he 
was  troubled  at  intervals  for  several  days  with  a  "  singing  "  in 
the  left  ear  of  a  shrill  note  somewhere  near  d'".  He  tried 
several  times  to  produce  a  note  within  beating-distance  of  this; 
but  not  having  forks  for  this  octave,  nor  of  a  lower  octave 
sufficiently  near,  he  did  not  succeed  in  the  attempt  before  the 
ailment  vanished. 

He  has,  however,  succeeded  in  another  case.  After  listen- 
ing for  a  considerable  time  to  a  note  that  is  played  very  loudly, 
the  ear  becomes  fatigued  and  hears  the  note  less  loudly ;  but 
when  the  note  ceases  to  be  played,  it  is  still  heard  ringing  in 
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the  ears  for  a  brief  moment.  Between  this  transient  sound 
and  a  real  objective  note  tuned  to  beat  with  it,  the  author  has 
produced  beats.  He  brought  the  tones  to  the  ears  with  tubes, 
one  being  intolerably  loud,  the  other  faint;  and  arrangements 
were  made  by  which  a  single  movement  opened  one  pipe  and 
closed  the  other  at  the  same  instant.  Beats  were  heard  for 
about  1^  second  after  the  cessation  of  the  loud  sound. 

An  extremely  curious  case  was  mentioned  to  the  author 
some  years  ago  by  an  eminent  acoustician.  A  person  who 
was  afflicted  with  mumps  on  one  side  of  the  head  heard  all  the 
sounds  in  that  ear  raised  about  a  semitone  *,  and  heard  heats 
accompanying  notes  in  the  lower  part  of  the  scale.  The  author 
inquired  some  time  after  of  a  non-scientific  friend  who  had 
suffered  from  a  similar  attack,  whether  any  thing  similar  had 
been  noticed,  but  could  only  learn  that  voices  and  musical 
notes  jangled  "like  a  harmonium  out  of  tune." 

Effect  of  Fatigue  upon  Binaural  Perception  of  Direction. 

5.  While  trying  the  above  experiments  on  interference  after 
fatigue,  the  author  noticed  an  acoustic  illusion  due  to  the  same 
origin.  Let  one  ear  be  fatigued,  as  before,  by  listening  to  a 
loud  pure  note.  Then  let  the  listener  try  to  estimate  the  direc- 
tion of  a  sound  of  the  same  pitch.  If  his  lejt  ear  has  been 
fatigued,  he  will  invariably  imagine  the  source  of  sound  to  be 
further  to  the  rigid  than  it  really  is,  and  vice  versa.  The  illu- 
sory displacement  in  the  direction  of  the  sound  is  greater  the 
more  complete  the  fatigue.  When  one  ear  was  fatigued  with 
a  c"  fork  no  illusory  displacement  was  perceived  in  an  a!'  fork. 
The  author  has,  as  yet,  only  tried  these  experiments  in  a 
room,  and  with  the  almost  simple  tones  of  tuning-forks.  The 
observations  are  of  interest,  however,  in  the  theory  of  Binaural 
Audition. 

*  In  a  discussion  which  followed  the  mention  of  this  case,  Professor 
Michael  Foster  made  the  suggestion  to  the  author  that  this  abnormal 
tuning-up  of  the  receptive  mechanism  of  the  ear  might  be  due  to  the  ex- 
istence of  muscular  tissues  in  the  structures  of  the  Corti  organ.  He 
remarked  that  in  the  ligamentum  spirale  externum,  outside  the  attachment 
of  the  basilar  membrane  of  the  Corti  organ,  there  may  be  seen,  at  least  in 
many  specimens,  cells  which  very  closely  resemble  plain  muscular  fibres 
when  examined  in  the  microscope.  If  this  be  so,  they  could,  apparently, 
pull  up  the  basilar  membrane  and  tighten  it.  Professor  Foster,  who 
kindly  permits  me  to  add  this  very  interestiug  point,  informs  me  that 
while  this  view  of  thene  structures  is  taken  by  Todd,  Bowman,  and 
Bottcher,  their  muscular  nature  is  denied  by  Kblliker  and  Waldeyer. — 
S.  P.  T. 
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XLVI.  Earlhqnalce  Observations  and  Experiments  in  Japan. 
By  John  Milne,  F.  G.S.,  and  Thomas  Gray,  B.Sc,  F.R.S.E.* 

WE  propose  to  give  in  this  paper  a  brief  r^sumd  of  some 
experiments  on  earthquakes  performed  bj  us  durinfr 
our  residence  in  Japan.  Some  parts  of  Japan,  and  notably 
tlie  Yedo  plane,  where  these  experiments  were  made,  are  sub- 
ject to  very  frequent  seismic  disturbances.  It  must  be  borne 
in  mind,  however,  when  considering  the  experiments  and 
results  here  described,  that  the  earthquakes  which  occur  in 
this  region  are  seldom  of  a  destructive  cliaracter. 

We  have  found  it  convenient  to  divide  this  jiaper  into  two 
parts.  In  the  first  part  a  very  brief  discussion  of  the  more 
important  instruments  used  by  us  is  given;  while  in  the  second 
part  some  of  the  most  interesting  points  brought  out  by  the 
use  of  these  instruments  are  referred  to. 

Part  I. 

The  instruments  may  be  classified,  according  to  the  pur- 
pose for  which  they  were  intended, into  the  following  groups: — 

].  SeismOscoj:^es. 

These  are  instruments  which  merely  show  that  an  earth- 
quake has  taken  place.  A  great  number  of  instruments  of 
this  class  have  been  used  ;  and  descriptions  of  most  of  them 
are  to  be  found  in  the  Transactions  of  the  Seismological 
Society  of  Japan.  The  following  are  some  of  the  more  im- 
portant : — 

(a)  Vessels  containing  Liquid. — Vessels  of  liquid  have  often 
been  referred  to  in  descriptions  of  earthquakes  as  giving  indi- 
cations, by  the  motion  of  the  liquid  up  the  side  of  the  vessel, 
of  the  direction  and  intensity  of  a  shock.  In  large  shocks, 
provided  they  can  be  made  to  record  their  motions  by  some 
such  method  as  colouring  the  liquid,  or  coating  the  side  of  the 
vessel  with  some  substance  which  can  be  easily  washed  off, 
these  may  sometimes  be  of  value.  For  shocks  of  ordinary 
intensity  we  have  found  them  quite  useless.  Many  methods^ 
both  mechanical  and  chemical,  were  tried;  but  as  yet  no  prac- 
ticable method  of  recording  by  means  of  a  liquid  has  been 
found. 

The  chief  difficulties  are  to  obtain  a  liquid  which  will  neither 
evaporate  nor  freeze,  and  at  the  same  time  will  not  creep  up 
the  sides  of  the  vessel.     Then,  again,  it  is  difficult  to  get  a 
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vessel  of  the  size  or  shape  which  will  ensure  a  washing-up  at  all. 
A  vessel,  the  fundamental  period  of  oscillation  of  the  liquid  in 
which  nearly  coincides  with  the  period  of  the  earthquake, 
would  possibly  show  a  considerable  motion.  A  difhculty  here 
arises  however.  Our  observations  show  that  few  earthquakes 
have  any  definite  period  ;  and  different  earthquakes  have 
generally  different,  sometimes  very  different,  periods. 

{l>)  Columns. — These  generally  consisted  of  round  cylinders, 
with  their  ends  cut  very  accurately  at  right  angles  to  the  axis 
of  the  cylinder.  Specimens  of  such  cylinders,  of  various  dia- 
meters and  the  same  height,  were  set  on  end  on  a  level  plane 
with  the  view  of  finding,  from  the  direction  in  which  they  fell, 
the  direction  of  motion  during  the  earthquake-shock.  AVe 
were  somewhat  surprised  to  find  that  even  the  smallest  cylin- 
der that  can  be  set  on  end  but  seldom  falls  in  ordinary  non- 
destructive shocks.  When  the  shock  is  tolerably  severe,  they 
fall  in  various  directions,  even  when  placed  on  the  same 
slab.  The  reason  of  this  appears  to  be  that  most  earthquakes 
commence  gently, — the  columns  rock,  and,  whilst  rocking, 
gradually  change  their  plane  of  motion  before  being  over- 
turned. Occasionally  it  may  be  due  to  the  presence  of  two 
sets  of  vibrations  in  different  directions,  some  columns  being 
overturned  by  one  set,  whilst  others  are  overturned  by  the 
other  set.  Because  of  this  indefiniteness  in  the  indications  of 
columns,  we  have  called  them  Seismoscopes.  In  addition  to 
round  cylinders,  columns  of  various  shapes  (as,  for  instance, 
inverted  cones)  have  been  employed.  Columns  have  also 
been  caused  to  stand  on  segments  of  small  spheres.  These 
variations  have  not  as  yet  shown  any  advantage  over  the  ordi- 
nary column. 

Besides  the  ordinary  columns  which  are  used  as  earthquake- 
indicators,  we  may  mention  bodies  like  strips  of  glass,  pins, 
&.C.,  which  Avill  not  stand  unless  supported  on  one  side.  When 
such  bodies  are  thus  supported,  they  are  overturned  more 
readily  by  motions  inclined  to  the  plane  of  support  than  the 
finest  columns  we  are  aJl?ie  to  set  on  end.  In  employing  this 
principle  of  propping  up,  it  is  necessary  to  use  a  number  of 
bodies  placed  against  planes  in  difi:erent  azimuths. 

(c)  Alicropliones,  or  circuit-breakers  in  conjunction  with  a 
galvanometer  so  arranged  that  if  the  needle  swings  it  comes 
into  contact  with  a  piece  of  iron  and  is  held,  and  many  other 
similar  contrivances  have  been  employed  to  indicate  small 
motions. 

{d)  Tremor-Indicator. — This  is  a  modification  of  a  pendu- 
lum seismometer,  in  which  the  bob  of  the  pendulum  is  at  the 
time  of  an  earthquake  approximately  steady.  Against  this 
bob  are  placed  the  ends  of  two  small  strips  of  wood  resting  in 
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V-grooves,  the  direction  of  the  strips  being  at  right  angles  to 
each  other.  The  outside  end  of  each  of  these  strips  carries  one 
thread  of  the  bifilar  suspension  of  a  mirror,  the  other  thread  of 
the  bifilar  being  attached  to  a  point  fixed  to  the  earth.  When 
the  strips  are  pushed  inwards  against  the  bob,  by  the  earth 
movmg  them,  the  mirrors  turn,  and  a  beam  of  light  coming 
from  a  lamp  and  reflected  from  a  mirror  to  a  scale  has  its 
image  permanently  deflected.  An  instrument  of  this  class  is 
so  sensitive  that,  at  times,  it  would  appear  as  if  a  continual 
earthquake  were  going  on. 

{e)  Circuit-closer  Seismoscope. — Underneath  the  centre  of 
the  bob  of  a  pendulum  a  vertical  index  is  so  arranged  that  its 
upper  end  is  pivoted  in  a  universal  joint  near  to  the  centre  of 
gravity  of  the  bob  of  the  pendulum  ;  about  one  inch  beneath 
this  joint  it  passes  through  a  second  universal  joint  fixed  to 
the  framework  from  Avhich  the  pendulum  is  suspended.  The 
upper  end  of  this  index  is  attached  to  one  pole  of  a  battery  ; 
the  lower  end,  which  is  a  platinum  wire,  dips  into  a  small  de- 
pression in  the  surface  of  a  cup  of  mercury,  after  the  fashion 
of  Palmieri's  circuit-closer.  A  slight  motion  of  the  framework 
causes  a  considerable  motion  of  the  index,  and  hence  causes 
the  platinum  wire  to  come  into  contact  with  the  mercury.  With 
this  arrangement  it  is  easy  to  close  an  electric  circuit  with 
a  motion  of  the  ground  equal  to  one  twentieth  of  a  milli- 
metre. The  index  forms  an  automatic  key,  which  closes  an 
electric  circuit  in  which  an  electromagnet 'is  included.  The 
electromagnet  deflects  a  lever  carrying  a  pencil,  which  rests 
on  a  disk  kept  constantly  revolving  by  clockwork.  The  posi- 
tion of  the  mark  upon  this  disk  indicates  the  hour  and  minute 
of  the  earthquake,  or  rather  the  earth-tremor. 

The  clock  is  a  cheap  small  American  clock,  the  minute- 
hand  being  replaced  by  a  wooden  disk.  To  avoid  the  pencil 
contmually  tracing  the  same  circle,  the  clock  is  mounted  on 
wheels  and  is  caused  to  wind  itself  along  a  stretched  string 
which  is  passed  round  the  hour-axle. 

2.  Seismometers  and  Seismographs, 
(a)  A  seismometer  which  we  have  found  to  act  well  is  a 
pendulum  with  an  index  arranged  like  that  of  the  circuit- 
closer  just  described,  except  that  at  the  lower  end  of  the  index 
a  light  sliding  needle  rests  on  the  surface  of  a  smoked  glass 
plate.  On  this  plate  the  pointer  gives  a  magnified  record  of 
the  motions  of  the  earth.  This  instrument  is  especially  adapted 
to  show  direction,  maximum  amplitude  of  the  earth's  motion, 
and  the  existence  or  non-existence  of  transverse  vibrations. 
W  e  find  it  advisable  when  using  pendulums  as  seismometers, 
to  control  the  motion  by  introducing  a  small  amount  of  fric- 
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tion.  This  friction  is  applied  by  allowing  a  vertically  placed 
sliding  rod  to  rest  with  its  lower  end,  which  is  pointed,  on  a 
plate  of  glass  placed  on  the  bob  of  the  pendulum.  This  rod 
is  weighted  until,  for  displacements  equal  to  that  of  the 
largest  earthquake  likely  to  occur,  the  pendulum  is  "  dead 
beat.-"  We  haA'e  found  that  when  the  rod  is  thus  adjusted  the 
error  in  amplitude  due  to  friction  is  very  small. 

(6)  Pendulum  Seismometers,  icith  aj?paratus  for  registering 
two  or  three  components  of  the  motion. — These  machines  are 
almost  identical  in  principle  with  the  tremor-indicator  de- 
scribed above.  For  a  detailed  description  see  Phil.  Mag.  for 
September  1881. 

(c)  Torsion-Pendulum  Seismograph. — In  this  instrument 
the  bob  of  the  pendulum  is  in  the  form  of  a  flat  ring,  on  the 
top  surface  of  which  a  flat  disk  of  smoked  glass  is  placed. 
The  suspending  wire  of  the  pendulum  is  so  proportioned  that 
the  torsional  period  is  about  one  minute.  Above  the  glass 
plate  two  light  connecting  rods  radiate  from  the  suspending 
wire  in  directions  at  right  angles  to  each  other.  The  outside 
ends  of  these  rods  are  hinged  to  the  short  arms  of  two  light 
indices  having  one  axis  in  rigid  connexion  with  the  earth,  and 
the  points  of  their  long  arms  resting  on  the  same  radius  of 
the  smoked  plate.  AVhen  this  instrument  is  arranged  for  use, 
the  bob  is  twisted  through  rather  more  than  180°  and  held  by 
a  catch,  which  at  the  time  of  an  earthquake  can  be  released 
by  an  electromagnet  in  connexion  with  a  circuit-closer.  The 
bob  and  glass  plate  then  twist  slowly  round,  and  the  indices 
at  the  same  time  write  two  rectangular  components  of  each 
motion  of  the  earth  on  the  smoked  glass.  The  bob  may  be 
arranged  so  that  it  is  again  cauoht  after  one  turn  if  thought 
desirable  ;  and  for  very  small  earthquakes  it  is  well  to  do 
so,  in  order  to  prevent  the  subsequent  motion  of  the  pendulum 
from  confusing  the  record.  The  peculiarity  of  this  instrument 
is  that  the  bob  of  the  pendulum  is  used  both  as  a  receiving- 
plate  for  the  record,  and  as  a  steady  mass  for  the  purpose  of 
working  the  levers  which  write  it.  This  gives  simplicity  and 
compactness  to  the  instrument;  but  it  is  evident  that  it  can  only 
be  used  in  conjunction  with  an  automatic  starting-apparatus. 

(d)  Conical-Pendulum  Seismograph. — For  a  detailed  de- 
scription, with  drawings,  of  this  instrument  see  Phil.  Mag.  for 
September  1881. 

(<»)  Bracket  Seismograph. — This  consists  essentially  of  a 
heavy  weight  carried  at  one  end  of  a  horizontal  bracket  which 
is  free  to  turn  on  a  vertical  axis  at  its  other  end.  When 
the  frame  carrpng  this  axis  is  moved  in  any  direction,  except 
that  parallel  to   the  direction  of  the  length   of  the  bracket, 
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the  weight  causes  the  bracket  to  turn,  while  it  itself  remains 
nearly  steady.  This  frame  is  firmly  attached  to  th<'  liead  of  a 
stake  driven  into  tlie  f^round.  A  hVht  ])rolon^ation  of  the 
bracket  forms  an  index,  which  writes  on  the  surface  of  a  smoked 
glass  })late  a  magnitied  representation  of  the  motion  given  to 
the  frauK!  by  the  ground.  Two  of  these  instruments,  placed 
at  right  angles  to  each  other,  are  used  in  conjunction  for  the 
purpose  of  writing  two  rectangular  comi)onents  of  the  motion. 

The  principle  involved  in  this  instrument  (namely,  that  of 
a  mass  supported  in  neutral  equilibrium  at  the  end  of  a 
bracket)  was,  we  believe,  first  used  by  Prof.  W.  S.  Chaplin, 
of  the  Tokio  University — and  subsequently  in  the  instrument 
described  above,  which  was  invented  by  one  of  the  authors  of 
this  paper,  who  was  not  then  aware  tliat  the  principle  had  been 
previously  applied  to  this  purpose.  An  instrument  involving 
the  same  principle  has  also  been  invented  by  Prof.  J.  A.  Ewing, 
and  is  described  in  the  Proceedings  of  the  Royal  Society  for 
February  1881. 

(/')  Douhle-Brachet  Seismograph. — This  instrument  con- 
sists of  two  brackets  hinged  to  each  other,  and  one  of  them  to 
a  fixed  post.  The  planes  of  the  two  brackets  are  then  placed 
at  right  angles  to  each  other,  so  as  to  give  to  a  mass  suspended 
at  the  end  of  the  outermost  bracket  two  degrees  of  horizontal 
freedom.     (See  Phil.  Mag.  for  September  1881.) 

{g)  Rolling- Sphere  Seismograph  ; 

(/()  Rolling-djlinder  Seismograph. 

For  descriptions  and  drawings  of  both  these  instruments 
see  Phil.  Mag.  for  September  1881. 

Ball- and- Plate  Seismograph. — In  this  instrument  three 
balls  rest  at  the  corners  of  a  triangle  on  a  "  surface  plate." 
On  the  top  of  these  balls  is  placed  another  "  surface  plate." 
^\Tien  the  lower  surface-plate,  which  is  fixed  to  the  earth,  is 
moved,  the  balls  roll  and  the  upper  plate  is  left  behind.  Pivoted 
on  the  upper  plate  is  the  end  of  a  long  light  index.  A  short 
distance  below  this  pivot  the  index  passes  through  a  universal 
joint  fixed  to  the  lower  plate.  The  lower  end  of  this  index 
carries  a  sliding  needle,  the  point  of  which  rests  on  a  smoked 
glass  plate,  and  there  writes  a  magnified  representation  of  the 
earth's  motion. 

3.  Instruments  for  recording  Vertical  Motion. 
(a)  Ordinary  Spiral  Spring. — The  earliest  form  of  instru- 
ment used  to  record  vertical  motion  was  a  spiral  spring  with 
a  weight  at  the  lower  end,  the  weight  being  supposed,  on 
account  of  its  inertia,  to  remain  steady  at  the  time  of  a  shock. 
No  satisfactory  result  has  ever  been  obtained  from  such  an 
instrument;   for   it  is    extremelv   inconvenient    to  make   the 
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spring  sufficiently  long  to  allow  of  enough  elongation  to  give 
a  long  period  of  vibration. 

{l>)  Flexihle-bottomed-Cylmder  Seismograph. — This  consists 
of  a  tin  can  with  an  indiarubber  bottom,  which  rests  on  a  thin 
flat  spring.  Against  the  lower  side  of  this  spring,  opposite 
the  centre  of  the  rubber  bottom,  the  end  of  the  short  arm  of 
a  lever  presses.  The  can  is  partly  filled  with  water,  which 
by  its  inertia  causes  the  bottom  to  be  deflected  if  the  can  be 
suddenly  raised  or  lowered.  The  motions  of  the  bottom  are 
communicated  to  the  lever,  a  point  at  the  end  of  the  long 
arm  of  which  is  caused  to  register  the  motion  on  a  suitable 
receiving-plate. 

(c)    Compensated-Spring-Lever  Seismograph  ; 

(rf)  Hydrometer  Seismograph. 

For  descriptions,  with  drawings,  of  these  instruments,  see 
Phil.  Mag.  for  September  1881. 

4.  Apparatus  on  lohich  to  record  Earthquake  Motions. 

(a)  Carriage  Receiver. — A  simple  and  convenient  instru- 
ment is  a  strip  of  smoked  glass  resting  on  a  three-wheeled 
carriage.  This  carriage  is  pulled  along  by  means  of  a  small 
weight,  while  a  thread  from  the  opposite  end  of  the  carriage 
is  wound  round  the  axle  of  a  large  fan  and  causes  it  to  turn 
in  a  vessel  of  oil,  thus  regulating  the  motion.  This  fan  is  held 
by  a  pin,  which  at  the  time  of  an  earthquake  is  drawn  back 
by  means  of  an  electromagnet  in  connexion  with  a  circuit- 
closer.  When  this  occurs,  the  Aveight  as  it  falls  pulls  the 
carriage  slowly  along,  while  the  pointers  of  a  seismograph 
•write  the  undulations  of  the  earth  on  its  surface. 

A  check  on  the  regularity  of  the  plate's  movement  is  ob- 
tained by  causing  a  small  pendulum,  to  which  is  attached  a 
flexible  spring,  to  mark  time  upon  it.  This  pendulum  is  set 
free  during  the  first  turn  of  the  fan,  which  knocks  out  a 
prop  used  for  holding  the  pendulum  in  a  deflected  position. 

The  plate  is  subsequently  coated  with  photographer's  var- 
nish, and  then  photographed  by  the  "blue  process"  so  well 
known  to  engineers. 

(h)  Drum-Clock  Receiver. — Another  xerj  convenient  me- 
thod is  to  take  an  ordinary  clock,  and  place  a  drum  on  an  axis 
formed  by  a  prolongation  of  the  key-pin  of  the  striking  appa- 
ratus. Fasten  back  the  detents  governing  the  striking,  and 
attach  the  starting-apparatus  to  the  fan.  If  the  clock  is 
governed  by  a  balance-wheel,  it  is  easy  to  arrange  the  starting- 
lever  so  that,  by  starting  the  drum,  it  will  stop  the  clock.  If 
the  clock  is  governed  by  a  pendulum,  the  best  method  is  to 
catch  the  pendulum. 

The  drum  on  the  axis  of  the  striking-spring  is  covered  with 
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smoked  smooth  paper,  on  which  the  points  of  the  indices  of  a 
seismograph  rest. 

(c)  Continuous-motion  Receivers. — These  are  simply  strong 
clocks,  arranged  for  the  purpose  of  driving  a  drum  about 
9  inches,  or  a  glass  plate  about  18  inches  in  diameter,  at  the  rate 
of  about  one  revolution  in  two  minutes.  So  long  as  no  earth- 
quake occurs,  the  pointers  of  the  seismograph  continue  to  move 
along  the  same  line.  When  an  earthquake  occurs,  the  apparatus 
is  in  motion  and  ready  to  receive  the  whole  record.  It  is  yet 
a  question  whether  this  is  necessary,  as  it  is  quite  possible  to 
start  an  aj^pnratus  b(;foro  an  ordinary  seismograph  (giving, 
say,  a  multiplication  of  10)  is  able  to  show  any  movement  on 
the  somewhat  broad  line  which  has  been  previously  formed. 
Certainly  in  earthquakes,  when  the  motion  is  considerable, 
there  is  no  use  for  such  an  apparatus. 

With  apparatus  for  this  purpose  it  is  difficult  to  produce 
uniform  motion,  as  it  is  evident  that  an  escapement-method  of 
governing  is  not  suitable.  Conical  pendulums,  troughs  of 
liquid  with  dipping  vanes,  after  the  pattern  of  Airy's  governor, 
have  been  tried,  but,  though  acting  well  when  there  is  no  dis- 
turbance, are  likely  to  be  atfected  by  the  shock,  and  hence  ma}' 
not  act  well  when  they  are  wanted.  It  appeared  that  a  better 
arrangement  would  be,  to  reverse  the  action  of  the  Airy 
governor  and  cause  the  trough  of  liquid  to  rotate,  the  vano 
remaining  stationary.  The  liquid,  from  the  mere  fact  of  its 
rotation,  would  not  be  so  likely  to  be  affected  by  the  shaking  ; 
and,  besides,  the  trough,  in  consequence  of  its  comparatively 
great  mass,  would  have  a  fly-wheel  governing-action.  If  the 
vane  be  placed  near  the  outside  of  the  trough,  the  governor 
can  be  made  to  have  great  power,  because  the  raising-up  of 
the  liquid  by  centrifugal  foi-ce  immerses  a  greater  area  of  the 
vane.  It  was  found  on  trial  that  an  arrangement  of  this  kind 
makes  an  excellent  governor,  which  we  think  might  be  taken 
advantage  of  for  many  other  purposes. 

5.  Time-Takers. 

For  taking  the  time  of  a  shock,  the  simplest  plan  is  for  an 
observer,  when  the  shock  is  felt,  to  quickly  draw  out  his 
watch  and  observe  the  second,  minute,  and  hour  successively, 
and  then  in  as  short  a  time  as  possible  to  compare  his  watch 
with  a  standard  clock. 

One  of  the  chief  objects  in  taking  time  accurately  is  to 
compare  the  times  of  arrival  of  the  shock  at  two  or  more  places 
some  distance  apart;  asthisis  the  most  reliable  method  of  finding 
the  direction  from  which  a  shock  has  come,  and  in  some  cases 
its  origin.  The  only  satisfactory  method  of  comparing  the 
times  taken  at  tw'o  ditiierent  places  is  by  an  electric  signal.    The 
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interchange  of  watches,  even  if  several  are  interchanged  simul- 
taneously, has  not  proved  satisfactory,  owing  to  the  variable 
rate  of  the  watch  during  its  journey.  The  interchanges  made 
by  us  were  by  railway  between  Tokio  and  Yokohama,  a  dis- 
tance of  about  18  miles. 

Comparison  of  the  times  at  the  two  places  can  be  made  by 
referrino-  each  to  a  well-regulated  chronometer.  But  for  ordi- 
nary  observers  the  taking  of  the  chronometer-rate  is  extremely 
troublesome. 

Clock-stopping. — The  ordinary  method  of  taking  the  time  is, 
as  in  Palmieri's  apparatus,  to  stop  a  clock.  We  have  already 
indicated  how  an  ordinary  clock  with  a  balance-wheel  may  be 
stopped.  A  pendulum-clock  may  be  stopped,  as  Mallet  has 
shown,  by  dropping  a  catch  on  a  pin  fixed  in  the  pendulum- 
bob.  The  best  way  of  relieving  this  catch,  which  is  a  toothed- 
bar  axled  at  one  end,  is  to  hold  up  the  other  end  by  resting  it 
on  the  extremity  of  a  horizontal  wire  fixed  to  the  bob  of  a 
conical  pendulum — for  example,  the  extremity  of  one  of  the 
indices  of  a  conical-pendulum  seismograph.  The  wire  ought 
to  be  in  the  same  straight  line  as  the  bar  which  holds  the  bob 
of  the  conical  pendulum  deflected.  The  whole  of  this  apparatus, 
which  can  be  made  for  a  few  pence,  can  easily  be  made 
small  enough  to  go  inside  an  ordinary  clock-case. 

I'irne-taker. — Rather  than  the  method  of  stopping  a  clock 
at  the  time  of  an  earthquake  in  order  to  obtain  the  time,  we 
are  now  using  the  following  method : — A  clock  with  a  central 
seconds'  hand  is  taken.  The  hour-hand  and  minute-hand  are 
each  produced  and  bent  outwards  at  right  angles  to  the  face. 
The  hour-hand,  however,  is  made  slightly  longer  than  the 
minute-hand,  and  the  minute-hand  slightly  longer  than  that 
indicating  seconds.  In  consequence  of  the  bending  upwards, 
the  ends  of  the  three  hands  move  in  the  same  plane,  instead  of 
being  slightly  below  each  other.  These  ends  are  furnished  with 
very  small  heads  of  wash-leather,  which  from  time  to  time  are 
soaked  with  an  oily  ink.  A  light  flat  ring,  with  divisions  on 
it  corresponding  to  those  of  the  clock-dial,  is  so  arranged  that, 
at  the  time  of  a  shock,  it  can  be  quickly  advanced  until  it 
touches  these  heads,  and  then  drawn  back.  By  so  doing, 
the  hour,  minute,  and  second  of  the  shock  are  indicated  on 
the  varnished  face  of  the  ring.  This  back  ward -and-for  ward 
motion  of  the  ring  is  effected  by  means  of  a  crank  and 
connecting-rod,  the  crank  being  caused  to  make  half  a  turn  by 
means  of  a  pulley  which  is  turned  by  a  falling  weight.  At 
the  time  of  a  shock  an  electromagnet  in  connexion  with  a 
circuit-closer  pulls  a  catch  away  from  the  pulley,  and  the 
crank-pin,  which  is  at  its  lowest  position,  moves  to  its  highest 
position,  while  the  weight  moves  to  a  small  platform.     This 
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half-turn  of  tlio  ])nllcy  causes  tlie  rinnr  to  be  puslied  out 
towards  tlie  clock  and  then  to  he  withdrawn. 

The  instruments  which  we  have  now  described,  and  many 
of  them  variously  moditied,  have  all  been  more  or  less  tested 
by  subjecting  them  to  a  series  of  actual  earthquakes.  From 
our  experiments,  it  would  seem  that  the  choice  of  an  instru- 
ment must  depend  somewhat  on  the  kind  of  record  which  is 
souoht  for. 

For  a  direct  single  record,  either  the  pendulum  with  vertical 
index,  or  the  double-bracket  instrument  appears  to  be  the  best. 
It  is  probable  that  two  conical  pendulums  arranged  to  take  up 
two  rectangular  components,  and,  again,  by  means  of  connect- 
ing-rods, to  communicate  these  components  to  the  same  ver- 
tical lever,  may  act  well ;  but  this  has  not  been  tried.  For 
component  records,  a  pendulum  with  two  indices,  brackets, 
conical  pendulums,  and  cylinders  seem  all  to  act  well;  but 
the  conical-pendulum  instrument  is  probably  the  best. 

For  large  earthquakes  it  is  probable  (although  we  have  had 
no  practical  experience)  that  the  bracket  and  pendulum  instru- 
ments Avould  prove  useless.  For  a  component  of  the  record, 
either  a  simple  hollow  cylinder  of  considerable  mass  and  rest- 
ing with  its  axis  horizontal  on  a  level  plane,  or  a  three-wheeled 
carriage  similarly  supported,  will  be  found  good. 

Part  II. 
Earthijuahe  Motion. 

The  subject  of  earthquake  motion  may  be  treated  from 
three  points  of  view: — 1st,  theoretically;  2nd,  by  the  exami- 
nation of  artificially  produced  vibrations;  and  3rd,  by  the 
instrumental  observation  of  the  vibrations  we  feel  in  actual 
earthquakes. 

(a)  Theoretically. — The  probable  nature  of  earthquake 
movement  may  be  gathered  from  the  writings  of  Hopkins, 
Mallet,  (t'c,  and  from  treatises  on  elasticity  by  several  mathe- 
matical writers.  From  these  we  conclude"^that  there  ought  to 
be  at  least  two  sets  of  vibrations,  known  respectively  as  normal 
and  transverse  vibrations.  The  normal  vibrations  travel  more 
quickly  than  the  transverse  vibrations,  to  Avhich  they  are  at 
right  angles.  According  to  Poisson,  these  velocities  would 
be  v3  :  1.  Poisson's  theory,  however,  has  been  shown  to  be 
at  fault  in  this  respect;  and  we  have  to  rely  upon  direct  expe- 
riments on  the  elasticity-moduli-  of  the  materials  for  correct 
theoretical  estimates  of  this  ratio.  The  following,  according  to 
such  experiments  made  by  us  (an  account  of  which  we  hope 
shortly  to  publish),  is  the  value  of  this  ratio  for  the  kinds  of 
rock  mentioned  in  the  table,  the  actual  velocities  being  also 
given: — 
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Telocity  of  Telocity  of 

normal  vibra-  transverse  vi- 

tions,  iu  eeuti-  brations,  in 

metres  per    i  centimetres 

second.       ,  per  second. 

Granite  395xlU^  219x1'/ 

Marble  381x10"'      ,     208x103 

Tuff    28axia''  209x10^ 

Clay-rock   348x10'  254  XlO^ 

Slate    4.51x10^  286x10^ 


Eatio  of  normal 
to  transTcrse. 


ISO 
1-83 
1-36 
1-37 

1-58 


Deductions  of  this  kind,  liowever,  are  invalidated  by  the  fact 
that  the  specimens  used  for  exjTenment  are,  of  course,  nearly 
homogeneous,  whilst  the  earthquake  passes  through  a  mass 
which  is  heterogeneous  and  more  or  less  fissured.  The  results 
here  given  are  deduced  from  moduli  which  were  determined 
by  cross-bending  and  twisting  of  long  round  cylinders.  Mallet, 
by  experiments  "  on  the  compre.^sibilitv  of  solid  cul^es  of  these 
rocks,  obtained  the  mean  modulus  of  elasticity,"  with  the  result 
that  '^  nearlv  seven  eighths  of  the  full  velocitv  of  wave-transit 
due  to  the  material  if  solid  and  continuous,  is  lost  by  reason 
of  the  heterogeneity  and  discontinuity  of  the  rocky  masses  as 
they  are  found  piled  together  in  nature." 

(6)  Artijicial  Earthqual-es. — So  far  as  we  are  aware,  the 
presence  of  the  normal  and  transverse  vibrations  has  never 
been  satisfactorily  proved  ;  althotigh  Mallet  proved  that  their 
presence  could  be  observed  in  artificially  produced  vibrations. 

In  performing  a  similar  set  of  experiments  to  those  carried 
out  by  Mallet,  we  succeeded  in  obtaining  records  of  both 
sets.  These  records  proved: — 1st,  that  the  two  sets  of  vibra- 
tions exist ;  2nd,  that  they  travel  at  different  rates,  which 
rates  were  measured ;  3rd,  that  they  are  differently  affected 
by  distance,  one  set  dying  out  before  the  other ;  4th,  that  there 
is  a  difference  in  their  period,  the  transverse  wave  having 
rather  the  longer  ;  5th,  the  am})litude  of  normal  vibrations  is 
approximately  in  the  inverse  ratio  of  the  distance  from  the 
source. 

These  vibrations  were  produced  by  dropping  a  heavy  iron 
ball,  weighing  alx)ut  a  ton,  from  heights  varying  up  to 
35  feet.  The  grottnd  through  which  the  vibrations  were  pro- 
pagated was  a  hardened  mud.  The  records  here  referred  to 
were  written  by  a  pair  of  bracket-seismographs,  with  their 
indices  resting  on  a  smoked  glass  plate  drawn  along  by  clock- 
work. 
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The  measurements  on  the  rate  of"  flying  out  wei-e  mostly 
made  by  moans  of  rolling-sphere  seismographs. 

The  velocities  obtained  for  direct  and  transvei'se  vibrations 
were  438  feet  and  357  feet  per  second.  This  gives  1*23  as 
the  ratio  of  the  propagation  of  tliese  two  sets  of  vibrations. 

The  very  low  rate  of  propagation  is  due  to  the  soft  medium 
through  which  the  vibrations  were  propagated.  The  actual 
results  are  probably  very  nearly  correct,  from  the  manner  in 
which  they  were  performed,  there  being  no  personal  equation 
to  take  account  of.  Similar  experiments  were  tried  at  a  point 
where  the  medium  was  rock.  As  might  have  been  expected, 
in  this  case  we  obtained  hardly  an  appreciable  motion  even 
at  a  short  distance  from  the  bail. 

Actual  velocities,  measured  in  America  at  the  time  of  the 
Hell-Gate  explosions,  varied  between  3.500  and  8000  feet  per 
second.     The  rock  was  in  this  case  gneiss  (?) 

As  the  base-lines  which  were  used  in  America  were  long, 
they  must  have  afibrded  an  excellent  ojtportunity  for  obtaining 
a  good  separation  of  the  normal  and  transverse  vibrations.  If 
observations  were  made  on  these,  we  have  not  met  with  any 
quotation  of  them. 

Mallet  obtained  velocities,  in  feet  per  second,  as  follows: — 

Sand 824-915 

Granite  (shattered)     .  1306-425 
„       (solid)  .     .     .  1664-574 

We  presume  that  these  velocities  are  all  for  direct  waves. 

(c)  From  records  drawn  by  seismographs  on  smoked  glass 
plates,  it  appears  that  the  motion  during  an  earthquake  is 
generally  irregular  in  its  character:  the  extent  of  movement 
increases  gradually  to  a  maximum,  and  then  varies  back- 
wards and  forwards  through  several  minima  and  maxima 
during  one  earthquake.  This  gradual  increase  from  small  to 
large  amplitudes  at  the  beginning  of  earthquakes  has  consider- 
able value  in  connexion  with  deductions  from  falling  columns 
<fec.,  with  regard  to  the  side  from  which  the  earthquake  came. 
The  amplitude  of  movement  in  earthquakes  felt  in  Yedo  is 
seldom  above  a  few  millimetres,  even  when  they  are  sufhcient 
to  do  considerable  damacje  to  buildings.  Usuallv  the  maxi- 
mum  amplitude  is  even  under  one  millimetre.  The  period 
usually  varies  between  ^  and  ^  of  a  second,  having  in  the 
majority  of  recent  earthquakes  been  nearer  to  the  latter  value. 
In  several  cases  the  direction  of  motion  has  been  found  to  change 
during  the  same  earthquake,  thus  giving  evidence  either  of 
reflection  or  of  transverse  motion.  Most  of  the  points  here 
referred  to  will  be  found  illustrated  in  the  adjoining  diagram. 
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It  is  to  be  observed  that,  as  the  record  was  written  on  a 
strip  of  sniokod  paper  wound  round  a  drum  which  was  started 
automatically  by  the  carthtjuake,  tlie  \ery  boginniiifj  of  the 
earthcjuake  is  not  sliown.  The  waving  line  A  IJ  (J  sliows 
the  successive  motions  of  the  earth  in  a  direction  N.  15°  E. 
maoiiified  about  ten  times;  wliile  the  line  ale  sliows  the 
motions  at  ri<^ht  angles  to  that  direction  magnified  to  the 
same  extent.  The  spaces  inclosed  between  the  cross  lines 
were  moved  over  in  five  seconds.  The  extrcinely  gradual 
manner  in  which  the  motion  dies  out  is  well  illustrated  in  this 
record. 

In  Yedo,  earthquakes  showing  east-and-west  directions 
of  vibration  have  been  proved  by  accurate  time-observations 
to  have  originated  in  the  south.  This  would  seem  to  indicate 
that  the  normal  vibration  did  not  appear  prominently  in  the 
record.  It  is  possible  that  in  some  cases  the  normal  vibra- 
tions are  never  very  prominent,  the  original  strain  on  the 
material  being  more  of  a  shear  than  a  compression  or  extension. 
If  this  supposition  holds,  it  follows  that  we  cannot  with  any 
certainty  make  a  deduction  Avith  regard  to  the  direction  of 
propagation  from  the  direction  of  motion.  The  direction  of 
original  shear  might  be  inclined  at  any  angle  to  the  direction 
of  propagation. 

Evidence  that  the  motion  is  in  some  cases  of  a  nature 
similar  to  that  here  sug^o-ested  has  been  obtained  in  the  follow- 

T  1 

ing  manner.  Instruments  were  set  up  at  several  stations, 
about  20  miles  apart,  round  Yedo  Bay;  and  in  conjunction 
with  the  observations  of  these  instruments  the  time  of  arrival 
of  the  shock  was  observed  at  Yedo  and  Yokohama.  From 
the  latter  observations,  it  was  found  that  the  hyperboloid 
which  forms  the  locus  of  possible  positions  of  the  origin  lies 
between  Yokohama  and  Yedo,  and  also  that  it  is  concave 
towards  Yokohama.  These  observations  are  corroborated  by 
the  much  greater  intensity,  greater  verticality,  and  greater 
number  of  the  shocks  as  felt  at  Yokohama  than  at  Yedo,  In 
some  cases,  however,  the  directions  of  motion  at  Yedo  and  at 
stations  situated  at  points  in  lines  at  right  angles  to  the  line 
between  Yedo  and  the  probable  origin,  are  found  to  be  nearly 
the  same — thus  indicating  a  disturbance  which  is  propagated 
in  one  direction  as  a  normal  vibration,  while  at  right  angles 
to  that  it  is  almost  a  pure  transverse  or  distortional  vibration. 
The  existence  of  such  an  irregular  kind  of  disturbance  is 
rendered  still  more  probable  when  we  take  into  consideration 
the  highly  irregular  nature  of  the  vibrations  which  are  felt 
both  by  our  senses  and  by  our  instruments,  and  combine  these 
with  the  observation   that  the  rocky  masses  in  tlie  vicinitv  of 
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our  probable  origin  are  highly  faulted,  and  bear  strong  e^-i- 
dence  of  recent  elevation.  The  jolting  movements  felt  in  an 
earthquake  resemble  very  much  ^vhat  one  would  expect  to  be 
produced  by  the  tearing  open  of  a  fracture  or  the  sliding  of 
two  irregular  surfaces  over  each  other. 

It  has  been  usual  to  deduce  the  angle  of  emergence  from 
observations  of  the  horizontal  and  vertical  components  of  the 
earth^s  motion.  If,  however,  we  accept  the  possibility  of  dis- 
tortional  vibrations  playing  an  important  part  in  earthquake 
phenomena,  the  accuracy  of  this  mode  of  estimating  that  angle 
is  very  questionable.  It  is  probable  that  in  many  cases  the 
vertical  motion  may  be  due  simply  to  a  vertical  component  of 
transverse  movement.  When  we  take  this  into  consideration, 
it  is  at  once  evident  that  some  means  must  be  adopted  for  the 
purpose  of  finding  out  to  which  set  of  vibrations  the  vertical 
motion  is  due.  This  can  be  done  by  writing  on  a  continuously 
moving  plate  a  record  of  the  whole  movement,  and  observing 
the  vertical  movement  corresponding  to  each  individual  hori- 
zontal movement.  We  must  not  conclude,  however,  that  when 
the  vertical  movement  coincides  with  the  first  indicated 
movement  it  is  a  genuine  vertical  component  of  a  normal 
vibration,  unless  distinct  evidence  of  the  presence  of  traus- 
veise  vibrations  is  afterwards  observed.  In  order  to  form  a 
reliable  estimate  of  the  nature  of  the  vibration,  and  there- 
fore of  the  angle  of  emergence,  the  direction  of  propagation  as 
well  as  the  direction  of  vibration  must  be  independently- 
observed  at  several  stations.  The  direction  of  propagation 
can  only  be  reliably  obtained  from  observations  of  time  of 
arrival. 

An  element  of  uncertainty  in  time-observation  when  taken 
by  clock-stopping  apparatus  is  the  prolonged  duration  of  the 
shock,  and  hence  the  difficulty  of  making  all  instruments  act 
at  the  same  part  of  the  shock.  In  consequence  of  this,  it 
becomes  necessary  either  to  make  the  stations  at  considerable 
distances  apart,  or  to  place  them  so  close  together  that  they 
can  be  conveniently  put  in  electric  communication,  and  then  to 
mark  particular  instants  on  the  different  chronographic  plates 
used  for  receiving  the  record.  In  this  way,  if  instruments  can 
be  obtained  which  will  not  of  themselves  considerably  modify 
the  nature  of  the  record,  either  the  beginning  of  the  shock,  or, 
if  that  is  too  gradual,  some  particular  prominent  feature  of 
the  shock,  may  be  selected  on  the  ditferent  records,  and  from 
it  and  the  time-signals  the  interval  between  the  two  stations 
obtained.  For  direction  of  propagation  three  stations  are  of 
course  necessary;  and  for  the  determination  of  origin  two  sets 
of  three,  if  the  elements  of  each  set  be  close  together,  are 
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necessary.      The  following  are  one   or    two    other  methods 
which  might  be  adopted  for  this  purpose : — 

If  the  time  of  arrival  of  a  shock  at  three  stations  a  long 
distance  apart  be  taken,  and  an  average  velocity  of  propagation 
assumed,  it  is  possible  to  construct  for  each  pair  of  these 
stations  a  surface  (which  will  be  approximately  an  hyperboloid) 
on  which  the  origin  will  be  situated.  The  mutual  intersection 
of  these  three  surfaces  will  be  approximately  the  origin  re- 
quired. A  correction  on  this  may  be  obtained  from  succeeding 
shocks  by  instituting  a  fourth  station  on  a  line  through  the 
approximate  origin  and  one  of  the  previous  stations,  and  by 
this  means  approximating  more  closely  to  the  velocity  of 
propagation. 

As  another  method,  if  we  have  the  times  of  arrival  at  three 
stations  close  together  accurately  measured  (these  give  us  the 
direction  of  propagation  and  the  horizontal  velocity),  a  fourth 
station  at  some  distance,  say  one  or  two  miles,  but  placed  ob- 
liquely to  the  determined  direction,  and  worked  in  conjunction 
with  the  lirst  three,  will  give  us  an  hyperbola;  and  the  point  on 
which  the  direction  obtained  from  the  three  stations  inter- 
sects this  gives  us  the  epicentrum,  or  point  vertically  above 
the  origin  of  the  disturbance  or  centrum.  It  is  possible  that  in 
some  cases  two  points  of  intersection  may  exist;  but  the  relative 
intensity  of  the  shock  at  the  two  points  will  be  sufficient  to  allow 
the  proper  one  to  be  chosen.  A  fifth  station  would  render  the 
determination  of  the  epicentrum  perfectly  definite. 

The  most  general  case  for  the  determination  of  the  centrum 
from  time-observations  requires  six  stations  ;  and  these  six 
stations  must  not  be  in  the  same  line  through  the  origin:  and 
even  here  it  is  assumed  that  the  velocity  of  propagation  has 
been  the  same  in  all  directions. 

By  varying  the  elements  which  are  known — as,  for  instance, 
the  number  of  stations  at  which  time  was  observed,  the 
relative  positions  of  these  stations,  the  directions  of  vibration 
observed  at  various  points,  the  angle  of  emergence  (if  for  small 
shocks  such  an  angle  is  determinable),  &c. — we  see  that  a  large 
number  of  problems  may  be  presented  the  solution  of  which 
will  give  to  us  more  or  less  correctly  the  centrum  or  epicentrum 
of  the  shock. 

The  duration  of  an  earthquake-shock  is  seldom  less  than 
one  minute,  in  Yedo,  and  is  often  two  or  three  minutes.  It 
must  be  remarked,  however,  that,  judging  from  our  senses, 
many  of  the  shocks  seem  to  last  only  a  few  seconds. 

The  intensity  of  a  shock  is  evidently  best  estimated  from 
the  maximum  velocity  of  translation  produced  in  a  body  during 
an  earthquake.     This  is  evidently  the  element  according  to 
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which  the  destructive  power  is  to  be  measured,  it  being  pro- 
portional to  the  maximum  kinetic  energy  of  the  bodies  on 
the  earth's  surface  relative  to  that  surface  during  the  shock. 
According  to  this,  then,  a  shock,  the  vibrations  in  which  are 
of  one-second  period,  will  have  only  one  fourth  of  the  intensity 
of  a  shock  with  vibrations  of  half  a  second  period,  if  the 
amplitudes  be  the  same.  We  may  write  intensity  proportional 
to  amplitude  divided  by  the  square  of  the  period,  or 

I  a  ,p. 

Marked  instances  of  the  effect  of  period  are  often  to  be  ob- 
served by  simply  referring  to  our  senses  for  the  intensity,  and 
then  to  our  records  for  the  amplitude  and  period.  "We  find 
sometimes  that  what  we  considered  a  severe  shock  has  had  a 
very  small  amplitude  of  movement,  but  that  it  has  had  a  short 
period. 

Another  interesting  point  to  be  observed,  is  the  variation  of 
the  affected  area  with  intensity,  amplitude,  and  duration.  Of 
these  elements  it  would  appear  from  otir  observations  that  dura- 
tion is  the  most  important.  A  comparatively  small  earthquake, 
if  it  last  for  several  minutes,  will  be  felt  over  a  large  area  ; 
whereas  a  severe  earthquake  which  consists  of  only  a  few  bumps 
will  only  be  felt  for  a  few  miles.  A  very  good  illustration  of 
this  was  obtained  on  December  23, 1880,  when  an  earthquake 
which  was  felt  at  Yedo  as  a  somewhat  severe  shock,  and  which 
lasted  between  three  and  four  minutes,  was  felt  in  several 
places  in  Yezo ;  whereas  a  previous  earthquake,  which  was 
much  more  destructive,  but  Avhich  lasted  less  than  half  the 
time,  was  not  felt  through  half  the  distance.  Both  these 
shocks  seemed  to  originate  near  the  same  place. 

The  geological  nature  of  the  rocks  near  the  origin  from 
which  some  of  the  earthquakes  we  have  felt  in  Yedo  appeared 
to  emanate,  is  as  follows: — 

Round  the  northern  end  of  Yedo  Bay  we  meet  on  all  sides 
with  greyish-coloured  partially  clay-like  rock,  which  on  close 
examination  appears  to  consist  of  a  decomposed  volcanic  ash. 
These  tuffs  are  horizontally  stratified,  and  very  little  faulted  or 
altered.  As  we  go  southwards  on  both  sides  of  the  bay,  these 
same  rocks  gradually  become  coarser  in  texture,  until  finally 
thev  are  little  more  than  agglomerates  consisting  of  undecom- 
posed  volcanic  ashes.  Along  with  this  lithological  change  we 
observe  a  physical  change  to  be  taking  place.  The  rocks 
become  gradually  bent  into  gentle  anticlinal  and  synclinal 
folds ;    and    faults    become    more    numerous.      Near  to    the 


372  Messrs.  Milne  and  Gray's  Expeinments 

entrance  of  the  bay,  in  the  extreme  south,  the  foldings  are 
niori'  steeji,  and  the  faults  exceedingly  common.  At  man}' 
points  in  the  faulted  districts  distinct  evidence  of  a  very 
recent  elevation  are  to  be  seen  in  the  form  of  borings  of 
Lithodomi  G  to  10  feet  above  high-water  mark.  In  some  of 
these  holes  the  shells  still  exist.  As  the  rock  is  exceedingly 
soft,  and  at  the  same  time  exposed  to  the  weather,  it  is  reason- 
able to  suppose  that  the  elevation  must  be  of  a  very  recent 
date. 

It  is  in  this  district  of  faults  and  marks  of  recent  elevation 
that  we  have  determined  an  origin  for  several  of  the  more 
recent  earthquakes. 

Classification  of  Earthquakes. 

Instead  of  classifying  earthquakes  according  to  the  im- 
pression they  have  on  our  senses,  we  would  suggest  that  they 
might  be  better  classitied  by  the  records  we  obtain  from  our 
seismographs.  So  far  as  records  have  gone,  it  would  appear 
that  we  might  classify  shocks  into  (1)  Direct,  (2)  Transverse, 
(3)  Compound  shocks. 

By  a  direct  shock  we  mean  a  shock  consisting  of  A'ibrations 
in  the  direction  of  propagation,  the  degree  of  horizontality 
being  expressed  by  the  ratio  of  the  horizontal  to  the  vertical 
motion. 

By  a  transverse  shock  we  mean  a  shock  which  is  for  the  most 
pai't  due  to  vibrations  at  right  angles  to  the  direction  of  pro- 
pagation. The  character  of  this  might  be  expressed  in  the 
same  manner  as  the  character  of  the  direct  shock. 

By  a  compound  shock  we  mean  a  shock  showing  combina- 
tions of  the  direct  and  transverse  vibrations.  The  horizontality 
might  be  expressed  as  before. 

In  defining  an  earthquake  we  should  consider  it  as  the 
result  of  an  irregular  disturbance  in  the  earth's  crust,  generally 
producing  both  waves  of  compression  and  distortion.  In 
certain  cases  the  former  of  these  may  be  proininent,  whilst  in 
other  cases  the  latter. 

Frequency  of  Earthquakes  at  different  Seasons. 

The  following  Table,  extracted  from  the  records  of  the 
^Meteorological  Observatory,  is  a  good  summary  of  the  number 
and  intensity  of  earthquakes  felt  in  Tokio,  as  recorded  by  one 
of  Palmieri^s  instruments  durinir  the  last  four  years. 
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From  this  table  we  see  that  during  the  six  winter  months 
(boginning  with  October)  there  has  been  a  total  of  182  shocks, 
Avhile  durintr  the  remaining  six  months  only  123  shocks  have 
been  recorded.  This  result,  it  will  be  observed,  accords  with 
the  general  result  obtained  by  Mallet  from  an  examina- 
tion of  the  earthquake  records  of  many  countries.  These 
shocks,  however,  were  destructive;  whilst  those  we  speak  of, 
with  the  exception  perhaps  of  one  or  two,  were  so  small  that 
they  would  not  have  found  a  place  in  the  records  examined  by 
Mallet. 

Not  only  do  we  experience  a  greater  number  of  shakings  in 
the  cold  months,  but  they  are  of  greater  intensities  as  compared 
with  those  of  the  warm  months.  The  intensities  of  the  former 
period  may  be  denoted  by  20,  and  those  of  the  latter  by  11. 

Prof.  W.  S.  Chaplin  has  published  a  critical  examination  of 
these  earthquakes  with  regard  to  the  connexion  between  the 
time  of  their  occurrence  and  the  position  of  the  moon.  The 
results  obtained  did  not  show  any  of  the  connexion  observed 
by  M.  Perrey. 

If  we  turn  to  the  destructive  earthquakes  of  Japan,  we  see 
from  the  following  Table  (which  is  drawn  up  in  the  same 
manner  as  those  compiled  by  Mallet)  that  there  have  been 
more  shocks  during  the  summer  than  during  the  winter.  This 
result,  it  will  be  observed,  is  not  in  accordance  with  the  results 
obtained  by  an  examination  of  the  recent  earthquakes,  nor  wnth 
the  general  result  deduced  by  Mallet  for  the  earthquakes  of 
the  world. 

The  table  has  been  compiled  from  Japanese  earthquake 
literature.  Of  this  literature  w^e  are  acquainted  with  65  books 
treating  on  earthquakes,  7  of  which  are  earthquake  calendars 
and  23  are  earthquake  monographs.  No  doubt  there  are  many 
other  books  besides  those  we  here  refer  to. 

These  earthquakes,  examined  as  a  whole,  do  not  show  any 
decided  decrease  in  seismic  activity.  If,  however,  we  select 
a  particular  seismic  district — as,  for  instance,  that  of  Kioto, 
for  which  we  have  a  series  of  records  extending  over  about 
1200  years — a  decrease  in  the  activity  of  that  region  is  ob- 
servable. If  a  similar  examination  could  be  made  for  special 
seismic  areas  in  Europe,  instead  of  an  examination  of  the 
earthquakes  of  a  country,  we  ai'e  inclined  to  think  that  similar 
results  might  possibly  be  arrived  at. 

The  fact  that  there  is  not  a  general  decrease  to  be  observed 
in  the  number  of  earthquakes  in  many  countries  when  taken 
altogether  may  perhaps  be,  as  it  is  in  Japan,  due  to  the  fact 
that  the  earthquakes  in  certain  areas  have  only  been  recorded 
during  a  short  period,  and  hence  there  is  an  apparent  increase 
in  late  years.  In  searching  for  a  decrease,  such  as  we  have 
found  to  exist  (providing  our  calendars  are  correct)  in  the 
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Kioto  area,  in  other  countries,  we  should  be  inclined  only  to 
examine  those  districts  where  earthquakes  are  now  common. 
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Thus,  for  instance,  we  should  not  search  for  a  decrease  in 
England,  even  if  our  records  for  the  last  ten  centuries  were 
perfect,  because  it  is  probable  that  the  country  has  settled 
down  to  a  seismic  state  which  approximates  to  constancy  ;  _  in 
other  words,  the  curve  representing  intensity  of  seismic  action 
in  relation  to  time  has  become  nearly  asymptotic  to  the  axis 
of  time. 

Occurrence  of  Earthquakes  in  Groups. 

It  is  often  to  be  observed  that  subsequently,  and  now  and 
then  previously,  to  the  occurrence  of  an  earthquake  of  unusual 
severity,  we  have  a  more  or  less  rapidly  occurring  series 
of  smaller  attendant  shakings.  This  fact  appears  to  ^  be 
a  confirmation  of  what  we  have  already  said  respecting 
the  origin  of  shocks  by  faulting,  the  small  preceding  shocks 
indicating  the  iirst  giving  way  of  the  ground,  the  large  shock 
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tlio  final  yicldinor,   and    the  subsequent  shocks  the  gradual 
settling  down  of  the  ground  into  a  state  of  equilibrium. 

Effect  of  Earthquakes  on  Buildings. 

So  far  as  we  have  been  able  to  observe,  the  effect  of 
an  earthquake  on  a  building  depends  on  the  following  cir- 
cumstances : — 

Whether  the  different  parts  of  the  building  are  so  propor- 
tioned that  theyare  able  to  vibrate  in  unison  without  producing 
excessive  stresses  at  any  part.  We  have  observed,  for  instance, 
that  brick  chimneys  passing  through  the  roofs  of  wooden 
houses,  and  chimney-stacks  built  outside  a  house  and  sup- 
ported by  tie-rods  from  the  house,  are  very  subject  to  damage 
by  earthquakes.  ^\^e  have  observed,  also,  that  cracks  pro- 
duced by  an  earthquake  generally  open  and  close  during  the 
vibrations  of  succeeding  earthquakes,  thus  giving  evidence  of 
a  want  of  agreement  in  the  vibrational  period  of  the  portions 
of  the  building  on  op})Osite  sides  of  the  crack. 

The  absence  of  arches  having  sharp  angles  at  the  croAvn 
or  at  the  buttresses  is  also  of  considerable  importance.  An 
examination  of  a  great  number  of  brick  arches  in  similar 
buildings,  some  of  which  had  sharp  angles,  as  here  described, 
while  others  were  curved  at  these  points,  showed  a  very 
marked  difference  in  the  effects  which  had  been  produced  in 
the  two  cases.  The  rounded  arches  Avere  seldom  at  all 
damaged,  while  the  others  were  nearly  all  more  or  less 
cracked. 

The  nature  of  the  foundation  on  which  a  house  is  built  may 
also  influence  the  effect  considerably.  Probably  the  safest 
foundation  is  a  soft  one,  the  building  standing  on  a  broad 
concrete  base.  We  have  been  led  to  this  conclusion  from 
observations  on  the  relative  effects  of  the  same  earthquake  on 
l)uildings,  some  of  which  were  built  on  rock,  others  on  piles 
driven  to  considerable  depths  in  soft  materials,  and  others  on 
concrete.  The  buildings  on  rock  are  generally  more  shat- 
tered than  those  in  the  same  locality  but  on  a  softer  material, 
such  as  hardened  mud.  Again,  those  on  piles  appear  to  suffer 
more  than  those  on  concrete.  Whether  this  may  be  due  to 
the  piles  causing  the  shock  to  be  more  severely  given  to  the 
building,  or  due  to  the  piles  sinking  and  hence  causing 
stresses  in  a  more  indirect  way,  we  are  not  yet  able  to  say. 

The  configuration  of  the  ground  in  the  vicinity  of  the 
building  is  a  very  important  factor.  The  greatest  damage 
dependent  on  this  element  is  done  to  buildings  which  are 
placed  near  the  edge  of  bluffs,  or  near  the  junction  of  a  ])lane 
with  a  steep  hill.  The  effect  of  a  bluff  is  probably  due  to  the 
free  surface  causing  a  greater  amplitude  of  motion,  or  possibly 
a  more  one-sided  motion  than  takes  place  in  an  open  plane. 
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Evidence  that  the  rocks  near  to  the  edge  of  one  of  the  blutFs 
above  Yokohama  were  subject  to  great  stress  during  a  recent 
earthquake  is  obtained  in  the  form  of  long  cracks  parallel 
to  the  edge  of  the  bluff.  It  is  more  difficult  to  account  for 
the  damage  done  to  buildings  close  to  the  foot  of  steep  cliffs ; 
but  possibly  an  explanation  may  be  afforded  by  reflexion  of 
vibrations  causing  increased  activity  in  that  region. 

Rotation  of  Bodies. 

After  a  severe  earthquake  it  has  often  been  observed  that 
many  heavy  bodies  (like  obelisks,  gravestones,  chimneys,  &c.) 
have  more  or  less  rotated.  This  phenomenon  has  been  explained 
in  many  ways.  Some  have  supposed  that  they  indicate  a 
vorticose  motion  in  the  ground;  others  that  the  phenomena  are 
due  to  reflected  and  direct  shocks  acting  simultaneously  on  the 
body  which  has  been  rotated.  Mallet  offers  the  explanation 
that  the  rotation  is  due  to  the  centre  of  friction  of  the  base  of 
the  body  not  coinciding  with  its  geometrical  centre. 

In  certain  cases  no  doubt  these  explanations,  especially  the 
latter,  may  be  correct. 

If  vorticose  motion  is  the  cause  of  the  rotation,  we  ought  to 
find^that  all  twisted  bodies  near  the  same  place  have  been  turned 
in  the  same  direction;  and  if  we  take  Mallet's  view,  the 
rotation  ought  to  follow  no  definite  law. 

What  we  actuallv  find,  after  havino;  examined  a  great  num- 
ber  of  cases,  is  that  they  do  follow  a  law,  but  not  that  which 
would  be  obtained  on  the  supposition  of  vorticose  motion. 

The  law  is  that  all  similar  bodies,  such  as  gravestones,  having 
similar  sides  parallel,  are  in  the  same  district  rotated  in  the 
same  direction  ;  while  another  set,  having  their  faces  placed 
at  an  angle  to  these,  may  be  rotated  in  an  opposite  direction. 

This  is  accounted  for  if  we  suppose  rotation  to  be  due  to  a 
direct  shock.  If  the  shock  comes  broadside  on  to  the  body,  it 
only  tends  to  throw  it  over ;  but  if  it  comes  obliquely  to  this 
direction  (but  not  exactly  along  a  diagonal),  it  tends  to  tilt  it 
up  on  a  corner.  Tliis  shock  may  be  resolved  into  two  com- 
ponents— one  along  the  projection  of  the  line  joining  the 
centre  of  inertia  and  the  corner,  tending  to  tilt  it  up  on  that 
corner,  and  the  other  at  right  angles  to  that  direction  tending 
to  whirl  it  round.  This  explanation  is  not  only  verified  by 
observations  after  an  earthquake,  but  is  easily  verified  by 
experiment.  It  will  be  seen  that,  according  to  this  explana- 
tion, the  direction  of  rotation  may  be  used  for  the  determina- 
tion of  the  direction  of  vibration  of  a  shock.  One  direction 
produces  a  rotation  corresponding  to  the  hands  of  a  watch, 
whilst  another  gives  an  opposite  rotation.  It  will  also  be 
observed  that  a  body  tends  to  turn  until  it  becomes  broadside 
on  to  the  direction  of  shaking. 
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XLVII.  Notices  respecting  New  Books. 
Oh   the   Alteration   of  Superficial   Deposits   by   the  Infiltration  of 
Atmosplieric  Waters,  cjr.     [^Mi-moire  sur  les  Phenomhus  (V Altera- 
tion des  D/'p6ts  siiperficicls  par  V  Infill  rat  ion  des  Eaux  mcteurvpces, 
etudies,  ^y.]     13y  Erxest  Van  den  liunECK,  Conservator  in  the 
lloyal  Museum  of  Natural  History  at  Brussels,  &c.     4to.     180 
paj^es,  with  coloured  lithograpliic  plate  and  numerous  woodcuts. 
Brussels:  F.  llayez,  1881. 
T^IIE  author  has  herein  brought  together  on  a  systematic  plan  the 
-*-    observations  made  by  himself  and  others  on  the  resulls  of  the  che- 
mical action  of  rain-water  on  superficial  deposits  and  on  rocks  lying 
within  its  influence.     This  subject  has,  of  course,  been  within  the 
cognizance  and  under  the  study  of  geologists  from  an  early  jjcriod  ; 
and  many  notes  and  papers  have  been  given  on  the  several  facts 
observed ;  but  M.  Yan  den  Broeck  has   taken  this  subject  particu- 
larly under  consideration,  and  furnishes  this  compendious  and  useful 
memoir,  based  on  careful   notes  on  the  phenomena   of  superficial 
alteration  observed  in  Belgium  and  elsewhere,  and  illustrated  with 
many  clear  sections,  some  of  which  are  coloured. 

In  treating  of  the  various  aspects  of  superficially-altered  rocks, 
and  of  the  results  of  meteoric  (atmospheric)  agency,  the  author 
first  notices  the  mechanical  disintegration,  and  then  the  chemical 
dissolutions,  decompositions,  and  new  combinations  ;  also  the  uni- 
versality of  these  phenomena.  Then  he  takes  : — (1)  the  felspathic 
rocks  and  theii"  veinstones  ;  (2)  the  metalliferous  deposits,  especially 
where  sul])hur  and  iron  play  an  important  part ;  (3)  the  argillaceous 
schists  and  the  clays,  the  latter  being  pure,  sandy,  or  glauconitic ; 
(4)  the  siliceous  rocks,  with  interesting  remarks  on  changes  in  both 
shallow  and  deep  deposits,  alterations  and  accumulations  of  quartz, 
modifications  of  jasper,  colloid  silica,  decomposition  of  glauconitic 
sands,  "  silex  nectique,"  and  the  Tertiary  MiUstone  of  Paris  ;  (5) 
calcareous  rocks,  especially  limestone-gravel.  Cretaceous  strata,  the 
"  clay  with  flints,"  sand-pipes,  &c.  The  Appendix  treats  particu- 
larly of  infiltrations  iu  the  Quaternary  beds,  such  as  the  Hcsbayan 
loam  or  loess,  and  the  Diluvium  of  the  valley  of  the  Seine. 

The  chemical  phenomena  of  dissolution  and  oxidation,  which  are 
the  essential  jjoints  in  M.  Van  den  Broeck's  researches,  as  here  de- 
tailed, have  certainly  been  long  known  and  recognized  ;  but  wo 
have  to  thank  him  for  collating  and  coordinating  both  the  facts 
(some  of  which  are  quite  new)  and  his  inferences,  as  shown  in  this 
memoir  and  thus  made  available  for  further  consideration,  in  view 
of  the  importance  which  these  hydrochemical  operations  have  in 
falsifying  certain  aspects  of  geological  sections  in  all  parts  of  the  world. 

The  Ground  (Substrata)  of  the  Cities  of  Europe.  Geological  Studies. 
By  Felix  Karrer.  \_I)cr  Boden  der  Ilaupstiidte  Europa^s  ij'c]  With 
23  woodcut  sections.  8vo.  G8  pp.  Alfred  Holder  :  Vienna,  1881. 
This  is  a  compendious  and  highly  instructive  memoir  on  the  geolo- 
gical structure  of  the  areas  on  which  the  seven  great  cities  of  Europe 
are  situate.  The  Vienna  Basin,  traversed  by  the  valley  of  the 
Danube,  comes  first,  and  is  rather  more  fully  described,  as  to  both 
present  and  past  conditions,  than  the  others  (pp.  1-16)  ;  Paris  and 
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the  Seine  valley  comes  next  (pp.  16-25) ;  then  London  and  the 
Thames  (pp.  25-32)  ;  Brussels  and  the  Senne  (pp.  32-41)  ;  Berlin 
and  the  Spree  (pp.  42-53) ;  St.  Petersburg  and  the  Xeva  (pp.  58- 
59)  ;  lastly,  Piome  and  the  Tiber  (pp.  59-68).  Transverse  geological 
sections  of  these  valleys,  and  vertical  sections  of  the  deepest  weUs 
and  borings  in  the  said'  cities,  illustrate  this  admirably  concise  and 
well- considered  little  book  ;  and  the  general  remarks  on  these  inter- 
esting localities,  and  the  special  notes  on  their  water-supply  and 
sanitary  conditions,  still  further  enhance  the  value  of  M.  Karrer'a 
admirable  work.  "We  must  add  that  the  author  supplies  copious 
references  to  authors  and  observers,  and  carefully  acknowledges  the 
original  sections  and  notes  communicated  by  his  many  helpful  friends. 

XLYIII.  Intelligence  and  Miscellaneous  Articles. 

TE[E  SPONTA^^:OUS  THIX^'IXG  OF  LIQUID  FILMS.  BY  J.  PLATEAU. 
TN"  my  memoirs  '  On  the  Figures  of  Equilibrium  of  a  Liquid  Mass 
-^  without  "U'eight,'  and  in  my  '  Statics  of  Liquids  submitted  to 
Molecular  Forces  only,'  I  have  from  time  to  time  insisted  that  the 
gradual  thinning  of  liquid  films  is  due,  entirely  in  certaia  cases,  and 
in  great  part  in  the  rest,  to  the  suction  exerted  by  the  small  sur- 
faces with  strongly  concave  transverse  curvatures  which  liue  the 
margins  of  those  films.  Xow,  on  considering  the  capillary  pressures 
in  themselves,  and  starting  from  the  principle  that  the  pressure  of 
a  plane  or  relatively  but  little  curved  excels  that  of  a  strongly  con- 
cave surface,  one  may  ask  if  the  gradual  thinning  does  not  consist 
in  this — that  the  two  superficial  layers  of  the  film,  by  their  excess 
of  pressure,  press  out  from  between  them  the  interposed  layer, 
driving  it  towards  the  very  concave  portions, — or  if  the  superficial 
layers  participate  in  this  motion.  To  solve  this  question  I  have 
had  recourse  to  the  following  experiment.  A  plane  film  of  gly- 
cerine liquid  was  formed  in  a  rmg  of  iron  wii-e  of  7  ceutim.  dia- 
meter, supported  by  three  feet,  and  quite  horizontal.  While  it  was 
still  colourless  it  was  sprinkled  with  a  light  coat  of  lycopodium 
powder ;  it  was  then  covered  over  with  a  glass  bell,  and  was  observed 
while  it  was  gradually  being  attenuated,  which  was  ascertained  by 
the  appearance  and  succession  of  the  colours.  Xow,  the  lycopodium 
was  seen  little  by  little  to  gain  the  margin ;  about  half  an  hour  after, 
it  had  accumulated  along  the  ring,  and  the  film  was  clear  of  it. 

Thus,  in  the  act  of  thinning,  the  superficial  layers  travel  towards 
the  margins  of  the  films  ;  but  as  these  necessarily  adhere  to  the 
interposed  layer,  they  could  not  move  without  dragging  the  latter. 
It  must,  then,  be  admitted  that  the  whole  of  the  film  partakes  of 
this  motion,  whether  the  action  be  exerted  directly  upon  the  super- 
ficial layers  only,  or  is  exerted  directly  upon  the  interposed  layer 
also,  or,  lastly,  only  upon  the  latter. 

When  the  apparatus  is  not  covered  with  a  bell,  the  slight  agita- 
tions of  the  ambient  air  determine  extensive  irregular  movements 
in  the  film,  which  are  manifested  by  the  lycopodium.  Let  us  say 
further  that,  to  distribute  the  lycopodium  powder  properly  over 
the  film,  a  little  of  it  is  introduced  into  a  small  paper  tube,  and 
blown  into  the  air  at  a  certain  distance  from  the  apparatus  :  the 
powder  then  descends  and  deposits  itself  upon  the  fiko  in  a  state 
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of    sufKcient  disseminaiiou. — Bull,  de  VAcad.  Boy.  de  Behjique, 
scr.  3,  tomeii.no.  7(1881). 

ON  SECONDARY  BATTERIES.   BY  J.  ROUSSE. 

In  order  to  accumulate  electricity  so  as  (o  produce  electric  light 
or  motive  force,  i  ha\e  arranged  several  secondary  batteries  which 
differ  notably  from  that  of  M.  G.  Plant d. 

(1)  At  the  negative  pole  of  the  secondary  battery  I  employ  a 
palladium  plate,  which,  during  the  electrolysis,  absorbs  more  than 
900  times  its  volume  of  hydrogen.  At  the  positive  pole  I  employ  a 
plate  of  lead.  The  liquid"  electrolyzed  is  sulphuric  acid  diluted  to 
10  per  cent.  This  element  is  very  powerful,  even  when  of  small 
dimensions. 

(2)  Another  secondary  element,  which  has  also  given  good 
results,  is  formed,  at  the  negative  pole,  of  a  thin  plate  of  sheet- 
iron  :  this  absorbs  more  than  200  times  its  volume  of  hydrogen 
when  it  is  electrolyzed  in  a  solution  of  ammonium  sulphate.  The 
positive  pole  consists  of  a  plate  of  pure  lead  coated  with  litharge, 
or  with  pure  oxide,  or  white-lead,  or  with  a  mixture  of  all  these  sub- 
stances. These  metallic  plates  dip  into  a  50-per-cent.  solution  of  sul- 
phate of  ammonia, 

I  have  also  employed,  with  some  success,  other  similar  combina- 
tions.    For  example  : — 

At  the  negative  pole  a  plate  of  sheet-iron  ;  at  the  positive  pole 
a  cylinder  of  ferromanganese.  The  liquid  electrolyzed  is  sulphate 
of  ammonia  at  40  per  cent. 

I  have  remarked  that,  in  general,  for  composing  a  secondary  bat- 
tery it  is  sufficient  to  place  at  the  negative  pole  of  the  voltameter  a 
metal  which  possesses  the  property  of  absorbing  hydrogen  when  it 
is  placed  in  a  suitable  solution.  On  the  other  hand,  it  is  necessary 
to  place  at  the  positive  pole  a  melal  which  absorbs  oxygen  and 
becomes  peroxicUzed. — Comptes  Eendiis,  Oct.  3,  1881,t.xciii.p.545. 

ELECTRICAL  TESTING. 
To  the  Editors  of  the  Philoso])hical  Magazine  and  Journal. 

Electi'iciau's  Department,  General 
Gentlemen,  Post  Office,  Oct.  4,  1881. 

In  your  issue  for  October  last  (no.  75,  vol.  xii.)  I  notice  an  article 
by  Mr.  Thomas  Gray,  "  On  the  best  Arrangement  of  the  "WTieat- 
stone's  Bridge  for  the  Measurement  of  a  particular  Eesistance,"  in 
which  he  says,  "  so  far  as  I  am  aware,  no  one  has  considered  in 
detail  all  the  different  cases."  1  would  beg  to  point  out  that,  in 
the  second  edition  of  my  'Handbook  of  Electrical  Testing'*,  pub- 
lished in  the  month  of  June  of  the  present  year,  1  have  fully  worked 
out  the  whole  question  (including  the  particular  cases  referred  to 
by  Mr.  Gray),  and  I  have  done  this  without  the  use  of  the  calculus; 
moreover  I  draw  attention  to  the  fact  that,  although  the  calculus 
method  shows  the  conditions  for  obtaining  an  absolute  maximum 
of  sensitiveness,  yet  it  does  not  show  (as  I  have  done)  that  this 
absolute  condition  may  be  very  widely  departed  from  without  prac- 
tically affecting  the  sensitiveness  of  the  arrangement. 

Tours  faithfully,  H.  E.  Kempe. 
•  Published  by  Messrs.  E.  and  F.  N.  Spon,  Charing  Cross. 
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XLIX.  On  the  Theoretic  Determination  of  Vapour-pressure  and 
the  Volumes  of  Vapour  and  Liquid.  By  Prof.  R.  Clausius*. 

§  1.  \  ITHEN  a  gas  is  more  and  more  compressed  at  con- 
▼  T  stant  temperature,  at  a  certain  pressure,  as  is 
known,  condensation  commences,  and  is  completed  without 
any  increase  of  the  pressure ;  and  only  when  it  is  finished  is 
an  augmentation  of  the  pressure  required  for  a  still  further 
diminution  of  the  volume,  which  pressure  must  then  be  in- 
creased in  proportion  very  greatly.  Besides  this  actual  course 
of  the  thing,  J.  Thomson,  as  is  well  known,  has  imagined  an- 
other process,  which,  it  is  true,  cannot  in  reality  take  place, 
because  the  states  of  equilibrium  occurring  in  it  are  in  part 
unstable,  but  is  yet  theoretically  conceivable — namely,  an  alte- 
ration of  volume  in  which  the  entire  mass  is  supposed  to  be 
constantly  homogeneous,  and  the  pressure  accordingly  to 
change  continuously.  The  curve  which  represents  the  change 
of  pressure  corresponding  to  the  change  of  volume  for  this 
last  process  may  be  named  briefly  the  theoretic  isothermal. 
The  real  isothermal  differs  from  it  by  this — that  for  a  certain 
length,  which  in  the  case  of  compression  corresponds  to  the 
process  of  condensation,  and,  conversely,  in  that  of  expansion 
corresponds  to  the  process  of  vaporization,  the  curved  line  is 
replaced  by  a  straight  line  parallel  to  the  axis  of  abscissae. 
This  straight  line  must,  as  can  be  demonstrated  from  the 
second  proposition  of  the  mechanical  theory  of  heat,  be  situated 

*  Translated  from  "Wiedemann's  Anrialen,  vol.  xiv.  pp.  279-290. 
Fhil  Mag.  S.  5.  Vol.  12.  No.  77.  Dec.  1881.  2  Q 
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so  that  the  external  work  done  in  the  vaporization  is  equal  to 
that  which  would  be  done  in  the  same  increase  of  volume  if 
the  pressure  changed  in  accordance  with  the  theoretic  iso- 
thermal*. 

This  principle  governing  the  position  of  the  straight  line 
we  can  now  cni])loy  in  order  to  derive,  from  the  general  theo- 
retic pressure-formula  which  holds  for  all  volumes,  that  pres- 
sure which  is  exerted  by  saturated  vapour.  The  first  published 
research  on  this  subject  which  has  come  to  my  knowledge  is 
found  in  an  interesting  essay  by  Van  der  Waalsf.  Tlie  author 
has,  it  is  true,  refrained  from  communicating  in  full  his  calcu- 
lations and  the  final  equations  resulting  from  them,  because 
the  former  were  too  lengthy,  and  the  latter  too  complicated 
and,  besides,  valid  only  for  a  limited  portion  of  the  curves ; 
but  he  has  collected  a  series  of  important  consequences  drawn 
therefrom.  Another,  likewise  very  valuable,  investigation 
upon  the  subject  has  recently  been  published  by  Planck  J,  in 
which  both  the  general  equations  and  their  special  application 
to  carbonic  acid  are  eiven. 

I  also  had  already,  before  I  became  acquainted  with  these 
investigations,  been  for  a  long  time  occupied  with  the  same 
subject ;  and  the  conclusion  of  my  investigation  was  delayed 
only  by  the  toilsomeness  of  the  numerical  calculations  which 
were  necessary  for  the  comparison  of  the  theoretic  formulse 
with  the  data  of  observation.  But  now  that  those  investiga- 
tions of  Van  der  Waals  and  Planck  are  published,  I  think  I 

*  When,  in  my  paper  on  the  behaviour  of  carbonic  acid  (Wied.  Ann. 
ix.  p.  337,  1880),  I  determined  the  position  of  the  straight  line  in  the 
manner  above  stated,  I  treated  the  qxiestion  as  still  an  open  one.  At  the 
same  time  I  had  derived  my  knowledge  of  Maxwell's  views  from  what  I 
could  not  but  consider  the  most  authoritative  soiu'ce,  namely  his  work 
upon  the  Theory  of  Heat,  and,  indeed,  fi-om  the  last  edition,  revised  by 
him,  published  in  1875.  In  this  edition  he  has  omitted  a  view  enimciated 
in  the  earlier  editions  which  difters  from  the  above,  but  without  putting 
another  view  in  its  place,  from  which  I  was  of  coiu'se  obliged  to  conclude 
that  he  recognized  that  view  as  erroneous,  but  had  not  yet  obtained  one 
more  satisfactorv  to  him.  I  have  subsequently  learned,  from  a  commu- 
nication kindly  made  to  me  by  M.  van  der  "Waals,  tliat  Maxwell  has  again 
spoken  upon  the  subject  in  another  place,  and  there  enunciated  a  view 
agreeing  with  the  above, — namely,  in  a  lecture  delivered  at  the  meeting 
of  the  Chemical  Society  on  the  18th  February  1875,  which  lecture  is 
printed  in  'Nature,'  March  4  and  11,  1875.  Why  Maxwell  has  not  men- 
tioned the  view  there  enunciated  in  the  new  edition  of  his  work,  published 
m  the  same  year,  is  unknown  to  me. 

t  Van  der  Waals,  Onderzoekivgen  omtrent  de  overeenstcmviaide  eif/en- 
scfiappen  der  iiormale  verzad)(/deti-da»)p-  en  rloeisfojfijnen,  Amsterdam, 
1880;  also  admitted  into  Eoth's  translation  of  the  work  entitled  Over  de 
C07itinniteit  van  den  r/as-  en  vioeistoftoesiand,  Leipzig,  1881. 

X  Planck,  Wied.  Ann.  xiii.  p.  535  (1881). 
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must  no  longer  delay  the  publication  of  mine  ;  and  I  will  take 
leave  to  communicate  first,  in  this  paper,  the  general  formulae, 
independent  of  the  nature  of  the  particular  substances,  and  a 
series  of  numbers  relating  to  them,  reserving  for  another  paper 
the  applications  to  definite  substances. 

§  2.  The  formula  which,  in  my  treatise  on  the  behaviour  of 
carbonic  acid,  I  constructed  for  the  representation  of  pressure 
as  a  function  of  volume  and  temperature,  to  be  annexed  to 
previous  formulae  set  up  by  other  authors,  is 

in  which  p,  v,  and  T  denote  pressure,  volume,  and  absolute 
temperature,  and  R,  c,  «,  and  ^  are  constants.  This  formula 
I  first  formed  for  carbonic  acid,  by  a  comparison  with  the 
results  of  Andrews's  observations  ;  and  I  added,  as  a  conjec- 
ture only,  that  with  a  different  determination  of  the  constants, 
without  any  other  alteration,  it  could  be  applied  also  to  the 
other  gases.  When,  however,  I  made  the  experiment  of  ap- 
plying it  to  those  substances  for  which  extended  and  reliable 
series  of  data  of  observation  exist,  especially  to  steam,  I  found 
that  to  bring  about  a  satisfactory  accordance  a  still  further 
alteration  of  the  formula  must  be  undertaken — which  I  had 
previously  contemplated  when  occupied  with  carbonic  acid 
only,  but  which  at  that  time  I  abandoned  on  account  of  the 
uncertainty  of  the  data  upon  which  I  had  been  obliged  to  base 
the  formula.  Namely,  in  the  place  of  the  fraction  c,  T,  occur- 
ring in  the  last  term,  a  more  general  temperature-function, 
with  more  indefinite  constants,  must  be  put. 

Since  the  more  exact  knowledge  of  the  temperature-function 
is  not  necessary  for  the  general  developments  here  in  the  first 
place  contemplated,  we  will,  for  the  present,  content  ourselves 
with  indicating  it  by  introducing  a  new  symbol.  For  the  con- 
venience of  the  calculations,  however,  it  is  advisable  not  to 
choose  the  new  symbol  simply  to  put  it  in  the  place  of  the 
fraction  <?/T,  but  to  make  it  represent  another  quantity  con- 
taining that  fraction.  For  this  purpose  we  will  give  to  equa- 
tion (1)  the  following  form: — 

jD    _      1  c 

and  herein  the  fraction  ^^^  may  be  replaced  by  ./)       ;  in 

which  6  shall  denote  the  temperature-function  left  undeter- 
mined, of  which  we  may  provisionally  say  only  that  for  T=0 
it  likewise  has  the  value  0,  and  for  the  critical  temperature  it 

2G2 
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By  this  substitution  ih 
to 

p_  _     1         27(«  +  y5) 


has  the  value  1.     By  this  substitution  the  foregoing  equation 
is  transformed  into 


In  order  to  apply  this  equation  to  the  process  of  vaporiza- 
tion, we  -will,  for  distinction,  denote  the  pressure  of  saturated 
vapour  by  P,  and  employ  for  the  volume  of  the  saturated 
vapour  and  the  liquid  standing  under  the  same  pressure  the 
symbols  s  and  cr,  -which  I  have  also  previously  used.  Now,  as 
the  equation  must  hold  good  for  the  liquid  as  well  as  for  the 
saturated  vapour,  we  can  form  from  it  the  following  two  equa- 
tions:— 

P  _     1         '27(«  +  ;5) 
liT~o— «      86^(o-  +  y^)2'        '     '     '     .     yo) 

P    _     1  27(a  +  ^) 

KT    s-x    se{s+/3y' ^^^ 

Further,  to  express  that  the  external  work  performed  in  the 
vaporization  must  be  equal  to  that  which  would  be  obtained 
with  the  same  increase  of  volume  if  the  pressure  changed  in 
accordance  with  the  theoretic  isothermal  and  the  formula  cor- 
responding thereto,  we  have  to  put 

=  1  P dv ; 


P(.-cr)  =  £ 


and  if  in  this  we  put  for  p  the  value  determined  by  equation 
(2),  then  perform  the  integration,  and  divide  the  resulting 
equation  by  RT,  we  get 

P   .         .      ,      s-cc      27(a  +  /3)/    1  1    \  ,,, 

For  convenience  we  will  also  introduce  the  following  sim- 
plified symbols  : — 

n=  ijT,    7=.  . ,-,  ^ (g^ 


=  s  —  a.  ) 


W  =  (T  —  lX,      'SV  =  s  —  t 

Equations  (3),  (4),  and  (5)  then  become : — 

U=^-~^l—  (II) 

n(w-uO=iog- -^Y-i-  -w^)-    (HI.) 
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These  three  equations  are  to  be  employed  for  the  calculation, 
because  from  them  the  values  of  fl,  lo,  and  W  for  every  value 
of  6  can  be  determined,  which  determination  further  leads  to 
the  determination  of  IT,  lo,  and  W  for  every  value  of  T  also, 
if  d  is  known  as  a  function  of  T. 

§  3.  If  we  wished  to  carry  out  the  calculation  with  the  aim 
of  expressing  11,  to,  and  W  directly  as  functions  of  6,  we 
should  have  to  treat  a  transcendental  equation  which  cannot 
be  solved  in  a  closed  form.  Hence,  as  Planck  rightly  says,  it 
is  better  first  to  determine  all  four  quantities  11,  iv,  W,  and  d 
as  functions  of  a  suitably  chosen  new  variable.  Planck  has 
selected  as  such  new  variable  an  angular  magnitude  0,  which 
he  provisionally  unites  with  another  quantity  r,  and,  together 
with  this,  defines  by  the  following  equations : — 

'W"=»"COS^^;     t«  =  rsin^^' 

I,  on  the  contrary,  have  chosen,  in  my  calculations,  simply 
the  quantity  log(W/?y),  occurring  in  equation  (HI-),  as  the 
new  variable,  which  I  have  denoted  by  X. 

Before  introducing  this  symbol  into  the  above  equations, 
we  will  somewhat  further  transform  them.  From  (I.)  and 
(II.)  follows  directly: — 

1  277  1  27 


xo      Sd(io  +  yf~W      8d{W+jy 
and  from  this  we  eet 


27y 

1 

1 

8^  ~ 

1 

1     ' 

277_(W  + 

(W 

yy(iv 

+  7? 

(7) 


or,  transformed, 

SO   ~WioiW  +  io  +  2y) 

Inserting  this  value  of  21y/86  in  equation  (I.),  we  obtain 

^_1  (W  +  7r 

w      W<W  +  i^  +  2y)' 

which  expression  can  be  transformed  into 

^^  W+^^^T2yy     Vho)'       •     •    •    (^) 
Lastly,  with  respect  to  equation  (III.);  which  may  now  be 
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written  in  the  following  order — 

it  changes,  if  for  'll'y/W  and  fl  we  pnt  the  values  given  under 
(7)  and  {>*>)  and  then  again  reduce,  into  the  following: — 

I.    W  _  (W-ir)(2Wir  +  7W  +  y»)  .^. 

*=  10  ~  Wu;(VV  +  m;  +  27)         ^  ^ 

To  this  equation  we  will  now  apply  the  equation 

^=log^, (10) 

and  the  equation  resulting  from  it, 

W  =  a-c>, (11) 

by  which  we  get 

;,  2^r^  +  y(^  +  l)    . 

^~^^       ■'V[«He  +  l)  +  27]' 

or,  differently  written, 

>-n      .-A-i     2^6-  +  7(l+g-^) 

This  equation  can  easily  be  resolved  with  respect  to  ir,  and  gives 

^^'='y;,_^  +  (^+2).-; (13) 

and  from  this,  according  to  (11),  it  further  results  immedi- 
ately that 

If  the  quantities  xv  and  W  are  once  calculated,  equation  (8) 
can  be  employed  for  the  calculation  of  the  quantity  IT.  But 
if  we  wish  to  represent  IT  as  a  function  of  X,  we  must  put  for 
v:  and  W  in  (8)  the  expressions  given  under  (13)  and  (14); 
we  then  get,  after  some  reductions  : — 

.-^[X-2  +  (\  +  2).-^].[(l-.-^)^-XV^] 

y[\-e-^)^\--l\e-^-e-'^Y  '  '    ^  ^ 

For  the  determination  of  the  last  quantity,  0,  it  follows 
from  (7)  that 

277Wu-(W  +  u'  +  27). 
8    (W+7)-'(?6'  +  7y^'    .     .     .     .     ^o; 

and  if  in  this  we  insert  for  w  and  W  their  values  from  (13) 
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and  (1-^),  we  get 

g_  27  [X-2  +  (\  +  2>-^](l-2Xg-^-.-^)^ 

8  {l-e-^){X-l  +  e-^)-{l-e-^-\e-^y'    '    ^   ^ 

B}'  equations  (13),  (14),  (15),  and  (17)  what  was  aimed  at 
is  attained,  namely  to  express  the  four  quantities  ic,  W,  IT, 
and  6  by  one  and  the  same  quantity  X. 

§  4.  If  we  expand  the  expressions  found  in  series  which 
proceed  by  powers  of  \,  we  encounter  a  peculiar  behaviour  : 
in  nearly  all  the  factors  which  occur  in  the  numerators  and 
denominators  the  terras  which  are  independent  of  \  and  those 
atfected  %\'ith  low  powers  of  X  cancel  one  another,  so  that  all 
the  numerators  and  denominators  have  pretty  high  powers  of 
\  for  factors,  which,  indeed,  then  cancel  one  another  in  the 
fractions.  The  respective  series  presenting  the  factors  are  as 
follows  : — 


1         ^o/l  1^  1^0  1 

l_,-x_X,-.=X^(  1  -^X+   A    V'-A   X^  + 

X-2  +  (X  +  2)e-^  =  X'(^  ^  -^X+   ^  X^-  A  ^3+     A   x*_.. 

l-2Xe-^-e-^  =  2X'(  ~  _i^X+  11  X'-  ^~^X'+    ?^  a*-.. 


99 
477! 


X*-.. 


Applying  these  expressions  to  the  equations  (13)  and  (14), 

and  effecting  in  these  the  indicated  multiplication  and  divi- 
sion, we  obtain 


^  =  ''(-+^+  ,-^V+  3^,^=+  ^X^+  3-1^  X' +  ...).  (19) 

From  this  we  see,  what  can  also  be  otherwise  demonstrated 
to  be  necessary,  that  the  terms  with  even  powers  of  X  are  equal 
in  the  two  expressions,  and  the  terms  with  odd  powers  are 
equal  and  with  opposite  signs.  Hence  we  can  introduce  two 
new  quantities,  M  and  N,  containing  only  even  powers  of  X, 
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.     (20) 


7t'  =  M-NX, (21) 

W=M  +  N\ (22) 

From  the  last  two  equations  it  follows  that 

W  +  n'=2M, (23) 

Wz(;=M2-N-\^ (24) 

from  which  it  is  evident  that  the  sum  and  the  product  of  the 
two  quantities  W  and  la  contain  only  even  powers  of  X.  Now, 
as  in  the  expressions  of  11  and  6  given  under  (8)  and  (16) 
the  quantities  AY  and  w  occur  only  in  comhination  as  sum  and 
product,  it  thence  follows  that  the  quantities  11  and  6  also 
contain  only  even  powers  of  A,.  This  implies  that  in  the  vici- 
nity of  the  critical  temperature,  where  \  approaches  the  value 
nil,  the  quantities  11  and  6  behave  in  an  essentially  different 
manner  from  the  quantities  W  and  lo.  AVe  shall  revert  to  this 
further  on. 

§  5.  The  equations  hitherto  evolved,  presenting  the  four 
quantities  tc,  W,  11,  and  6  as  functions  of  X,  of  course  thereby 
determine  indirectly  the  connexion  in  which  each  of  the  three 
quantities  w,  W,  and  n  stands  with  the  quantity  6;  but  this 
indirect  determination,  effected  by  means  of  a  third  quantity, 
does  not  completely  satisfy  the  requirements.  In  investiga- 
tions of  the  process  of  vaporization,  the  temperature  is  usually 
considered  as  the  given  quantity,  and  it  is  wished  to  deduce 
from  it  immediately  the  pressure  of  the  vapour  and  the  volumes 
of  the  vapour  and  the  liquid.  In  this  sense,  therefore,  must 
we  render  more  perfect  our  mode  of  determination.  As  in 
our  developments  hitherto  the  temperature  does  not  occur 
explicitly,  but  only  the  yet  undetermined  temperature-function 
6,  we  must  provisionally  attach  the  determination  to  this  tem- 
perature-function and  set  ourselves  the  problem  of  arranging 
so  tliat  from  the  value  of  6  the  corresponding  values  of  ic,  W, 
and  n  shall  be  obtained  in  the  simplest  possible  manner.  This 
I  have  endeavoured  to  accomplish  by  calculating  a  table  giving 
for  the  diffenmt  values  of  6,  increasing  one  hundredth  at  a 
time,  the  corresponding  values  of  X.  From  this  table  X  can 
easily  be  determined,  by  interpolation,  for  any  value  whatever 
of  6;  and  when  X  is  known,  w,  W,  and  11  can  be  directly  cal- 
culated with  the  aid  of  the  above  formulai. 
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To  calculate  the  table,  I  first  represented  \  by  a  series  pro- 
^ressinor  by  powers  of  a  quantity  dependent  on  B.  For  this 
the  following  quantity  appeared  to  me  the  most  suitable, 

x=syT^e; (25) 

which,  like  \,  when  the  critical  temperature  is  approached, 
approaches  the  value  nil.     The  series  in  question  is 

\=6^  +  3•24^•3  +  2•8801716^'5  +  2•885628.^•^4-... .      (26) 

Before  speaking  of  the  application  of  this  series  to  the  cal- 
culation, a  consequence  resulting  even  from  its  form  may  be 
interpolated,  which  is  connected  with  the  remark  made  at  the 
close  of  the  preceding  section.  As  is  seen,  the  series  contains 
only  odd  powers  of  x;  and  thence  it  immediately  follows  that 
the  series  which  represents  X'"^  can  only  contain  even  powers 
of  X.  Since,  further,  as  mentioned  above,  the  quantity  II, 
when  the  expansion  takes  place  with  respect  to  X,  contains 
only  even  powers  of  \,  it  can  only  contain  even  powers  of  x, 
according  to  the  foregoing,  when  expanded  with  respect  to  x, 
while  the  series  representing  the  quantities  lo  and  W  contain 
also  terms  with  odd  powers,  and  among  them  a  term  of  the 
first  order.  We  now  get  from  (25),  for  the  differential  coeffi- 
cients of  X  and  x"^  with  respect  to  9,  the  following  expressions, 

dx  _  1  ^ 

5^-~27r^'   i      .     .     .         (27) 
d{f)_,  ( 

dd   ~       '  ^ 

which  as  the  critical  temperature  is  approached  (for  which 
^  =  1)  differ  essentially  from  each  other  in  their  behaviour, 
in  that  the  former  becomes  infinitely  great,  while  the  latter 
remains  finite.  In  just  the  same  way  must,  according  to  what 
has  been  said  above,  the  differential  coefficients  of  the  quanti- 
ties 10  and  W,  taken  with  respect  to  6,  differ  from  the  differen- 
tial coefficients  of  the  quantity  U.  It  may  here  be  likewise 
added  that  the  same  holds  good  also  for  the  differential  coeffi- 
cients taken  with  respect  to  T;  and  from  this  it  follows  that  on 
approaching  the  critical  temperature  the  volumes  of  the  liquid 
and  the  vapour  undergo  changes  which  are  infinitely  great 
in  proportion  to  the  change  of  temperature.  Van  der  Waals 
has  already  called  attention  to  this  singular  difference. 

With  the  help  of  the  above  series  I  have  calculated  X,  for 
those  values  of  6  and  x  for  which  that  number  of  terms  suffices 
for  attaining  the  desired  degree  of  accuracy.  For  higher 
values  of  x,  and  consequently  lower  values  of  9,  I  returned  to 
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equation  (17),  from  which,  for  given  values  of  X,  the  corre- 
sponding values  of  6  can  be  calculated,  and  which,  conversely, 
by  employing  an  approximation  method,  can  also  be  used  to 
detcn-niine,  for  given  values  of  6,  the  corresponding  values 
ofX. 

The  table  thus  calculated,  in  which,  in  order  to  facilitate 
inter[)olation,  the  ditference  between  each  two  succeeding 
numbers  is  added,  follows  at  the  end  of  the  paper.  If  from 
this  table  the  value  of  A-  belonging  to  a  given  value  of  6  be 
taken,  then,  as  already  said,  with  the  aid  of  this  the  correspond- 
ing values  of  w,  W,  and  II  can  be  directly  calculated  from  the 
above  equations.  Nor,  after  the  table  for  \  is  once  calculated, 
is  there  any  further  ditHculty  in  calculating  tables  of  the  same 
sort  for  10,  W,  and  II,  giving  for  the  same  series  of  values  of 
6  the  corresponding  values  of  those  quantities. 
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Bonn,  August  1881. 


[     391     ] 


L.    On  Shew  Determinants. 
By  Thomas  Muir,  M.A.,  F.R.S.E* 

1.  TX  1855  it  was  proved  by  Brioschif,  and,  it  is  said, 
J-  simultaneously  by  Cayley,  that  any  determinant  of 
even  order  is  expressible  as  a  Pfaffian.  The  restriction  of  the 
statement  to  even-ordered  determinants  has  since  remained : 
I  propose  now  to  show  that  it  may  be  done  away  with. 

2.  In  the  Quarterly  Journal  of  Mathematics  for  this  month 
(p.  1 '^-t)  there  is  given  a  new  form  for  the  product  of  two  de- 
terminants ;  viz.  when  the  order  is  the  third,  we  have 


7i 


^2 

«3 

^■2 

/33 

X 

72 

73 

.r. 


^3 


yi 


^2       1/3 

~2         ~3 


1^ 

2« 


/3i+i/i  /3i+y2  /3j+i/3  ^i—yz  ^2— 1/2  ^v—yi 

7l+~l  72 +  '2  73+~3  73  — *3  72  — ~ 2  7l  "  - 1 

7l— ~1  72  — -2  73— ~3  73  +  ~3  72 +  -2  7l  +  ~l 

/3l— i/l  ^i—y2  ^o—Uz  ^Z+I/Z  ^2+ll2  ^i+yi 

«!- A  «2  — '^'2  "3  — -''S  «3  +  '^'3  a2  +  .f2  «1  +  ■^'l 


If,  in  order  to  find  from  this  an  expression  for  the  second 
power  of  a  determinant,  we  put  .rj,  oc^,  ^3, . . .  =«!,  ci.y,  ^3, . . . 
the  result  is  nugatory  ;  but,  making  the  columns  of  the  second 
determinant  the  same  as  the  rows  of  the  first,  we  obtain 

I  ai/3273  -  =  2-6       2*1      a2  +  /3i   "3  +  71  ^3-71  «2  — /^i        0 

■^i  +  «2      2/3^     (83  +  72/33-72       0       /3i-«2 

7i  +  a3  72  +  /33     273  0       72-/33  7i— ag 

7i-«3  72-/33      0  273     72  +  /33  yi  +  as 

/3i-«,       0       /33-7,  (3,  +  y,     2/3,     ^,  +  «2 

0       "2- /3i  «3— 7i  «3  +  7i  a2  +  /3i     2«i 

By  changing  the  signs  of  the  elements  in  the  last  three  rows 
and  reversing  the  order  of  the  six  rows,  the  determinant  be- 
comes skew  with  respect  to  its  zero-diagonal ;  and  hence,  on 


*  Communicated  bv  the  Author, 
t  Crelle's  Journal,  lii,  pp.  133-141. 
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extracting  the  square  root  of  both  sides,  there  results 
=  I  *(«.-/8i)    *(-3-ri)    i(«3+r.)    K«.+/?i) 


(I) 


/^.    ^2     /^a  I  i(/33-y.)    K/33+r.)  /3,  ^(^,  +  «.) 

ri    r^   73  73       ^(72+^3)   K7i+«3) 

^{^3-^2)    4(«3-7i) 

Siniilarly  we  have  the  determinant   of  the  fourth  order 
I  "1/3273^4  I  equal  to 

U(«.-A)    ^(«3-7i)     K«.-^i)    IK+^i)    K^3  +  7i)    ^K+/30 

K74-^3)    ^(74+^3)  73  ^033+y,)  i(«3+7.) 

^4  ^(74  +  ^^3)        i(/34+^2)     K«4  +  ^l) 

K74-^3)       i{/34-^2)     ^(«4-^l) 

i(/33-72)   K«3-7,) 

and  it  is  seen  to  be  generally  true  that  any  determinant  is  ex- 
pressible as  a  Pfafjian. 

The  Pfaffian,  it  may  be  noted,  is  symmetric  with  respect  to 
its  diagonal  or  axis. 

3.  Brioschi's  result  for  even-ordered  determinants  being 
different  in  character  from  that  obtained  in  the  above  way, 
there  is  thus  brought  to  light  an  identity  between  two  Pfaffians 
— an  identity  leading  to  the  theorem  that  a  symmetric  Pfafian 
of  the  2nth  order  is  expressible  as  a  Pfaffian  of  the  nth  order. 

4.  Again,  as  the  product  of  two  determinants  is  expressible 
as  a  determinant  in  a  Avay  different  from  that  of  §  2,  and  each 
of  the  said  three  determinants  is  expressible  as  a  symmetric 
Pfaffian,  it  follows  that  the  j^rodiict  of  two  symmetric  Pfaffians 
is  expressible  as  a  symmetric  Pfaffian. 

Other  examples  besides  this  of  the  application  of  our  fun- 
damental theorem  will  readily  present  themselves. 

5.  By  skew  or  symmetric  determinants  are  usually  meant 
determinants  which  are  skew  or  symmetric  with  respect  to  the 
principal  diagonal,  "  skew  "  and  "  symmetric  "  being  con- 
trasted terms.  There  is,  however,  possible  another  kind  of 
symmetry,  and  therefore  also  another  kind  of  skewness,  viz. 
with  respect  to  the  centre,  or  point  of  intersection  of  the  two 
diagonals. 

in  a  centre-skew  determinant,  the  ;»th  row  from  the  be- 
ginning with  its  elements  reversed  in  order  and  their  signs  all 
changed,  becomes  the  ?Hth  row  from  the  end. 

A  centre-skew  determinant  of  the  2/tth  order  is  equal  in 
magnitude  to  the  corresponding  centro-symmetric  determi- 


.  (11) 
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nant,  the  sign-factor  necessary  for  perfect  equivalence  being 

These  are  self-evident  propositions  ;  but  when  the  order  is 
the  (2n  +  l)th,  the  determinant  possesses  a  property  which  is 
not  so  readily  apparent.  For  shortness  in  writing  let  us  take 
a  special  case,  the  determinant  of  the  7th  order, 


or  A,  say. 


If  we  increase  each  element  of  the  first  row  by  the  corre- 
sponding element  of  the  last  row,  each  element  of  the  second 
row  by  the  corresponding  element  of  the  second  row  from  the 
end,  and  each  element  of  the  third  row  by  the  corresponding 
element  of  the  third  row  from  the  end,  there  results: — 

«2  — «6       «3— «5       0 
0 


«1 

«2 

«3 

tti 

«5 

Ce 

a-i 

h 

h 

bs 

h 

h 
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h, 
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^1 

d. 

dz 
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-dz 
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-^5 

— Q 
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—c% 
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-b, 
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-h 

-h 

-h 

-Ih 

-h 
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-tti 
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-^2 

-«1 

A  = 
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Ci  — C; 

—  Ci 
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-h 

—  «6 


«3— «5 
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-h 
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0 
ft) 
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«5  — «3 
^5  —  ^3 

c^—Cz 
-dz 

—  Cz 
-hz 

—  as 


^6       ^2 

-d2 

—  C2 

—  «2 


a-;  —  % 
b^  —  bi 

Cl  —  Cy 

-di 
— Cl 

— a. 


Treating  this  determinant  in  the  same  way,  but  dealing  with 
columns  instead  of  rows,  we  have 


A  = 


tti — a^ 
b,-h 

Cl  —  Cl 

d, 

—  Ci 
-h 

—  a^ 


«2~<^6 
^2  —  ^6 
C2  —  CQ 

d^ 
-be 

—  «6 


«3  — «5 

bz—b^ 

Cz  —  Co 
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-b. 


0 
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0 
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bi  —  b-i     bz-be     bs-b^l  xco  x  l—bs  —  b^    — ^2  — *6    —bl  —  b^ 
Ci— C7     C2— Cg     C3— i-gl  |_a3_«.    _a2— ^6   — «!  — a; 
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If  £0  =  0,  then  A  =  0  ;  so  that,  corresponding  to  Cayley's 
theorem,  "An  odd-ordered  determinant  which  is  skew  with 
respect  to  a  zero  diagonal  vanishes,"  we  have  an  exact  coun- 
terpart, viz.  'Mn  odd-ordered  determinant  xvhich  is  skew  with 
respect  to  a  zero  centre  vanishes.''^  The  latter,  too,  may  be 
proved  exactly  like  the  former,  viz.  by  multij)lying  the  ele- 
ments of  every  row  by  — 1,  and  thus  showing  that  A=  —  A. 

But,  further,  the  product  of  the  two  determinants  in  (111.) 
is  equal  to 


{-If 


a^  —  a-i 

Ci—Ci 


C2  —  ^6 

l>2—h 

C2—C& 


«3 

—  (75 

^3 

-h 

^3 

-Ch 

02  +  ^6 
C2  +^6 


^3  +  <75 


and  therefore,  by  Zehfuss's  theorem,  is  equal  to 


(-1)^ 
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«1 


that  is  to  say,  is  equal  to  the  centre-skew  determinant  obtained 
from  A  by  deleting  the  middle  row  and  middle  column. 
Hence  the  theorem — A  centre-skew  determinant  of  odd  order  is 
not  altered  hy  making  all  the  elements  of  the  middle  row  and 
middle  column  zero  with  the  exception  of  the  centre  clement. 

Instead  of  deducing  this  from  (HI.)  we  might  reverse  the 
order,  viz.  prove  the  theorem  just  enunciated  by  expanding  A 
according  to  binary  products  of  the  elements  of  the  middle 
row  and  middle  column;  and  then  by  means  of  this  theorem 
establish  (HI.). 

Beechcroft,  Bisbopton,  N.  B., 
October  8, 1881. 


LI.  Experimental  Investigations  on  Magnetic  Rotatory  Polari- 
zation in  Gases.     By  M.  Henei  Becquerel.^ 

[Concluded  from  p.  324.] 
Discussion  of  the  Sources  of  Error:   Corrections. 

IN  measurements  so  delicate  as  these  about  to  be  recorded,  it 
was  of  the  highest  importance  that  the  effect  of  the  various 
disturbing  causes  proceeding  from  the  apparatus  itself  should 
be  most  carefully  studied  and  measured.  Although  the 
corrections  which  it  was  necessary  to  make  in  the  results 
observed  were  very  small,  yet,  as  they  were  of  the  same  order 
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of  magnitude  as  the  latter,  it  was  essential  to  determine  them 
with  the  greatest  accuracy. 

They  may  be  grouped  in  the  following  manner  : — 
I.  Variations  in  electromagnetic  intensity. 
II.  Want  of  homogeneity  in  the  luminous  source. 
III.  Magnetic   rotations    caused    by   the   glasses    and    the 
glass  of  the  mirrors  interposed  in  the  course  of  the 
luminous  rays. 
lY.  Corrections  due  to  variations  of  temperature    in  the 
gases. 
V.  Displacement  of  the  luminous  point. 

I.  Variations  in  Electromagnetic  Intensity. — TVe  have 
already  stated  that  the  heating  of  the  conductors  during  the 
passage  of  the  electric  current  and  the  operation  of  the  pile 
gave  rise  to  a  regular  variation  in  the  electromagnetic  inten- 
sity, and  that  the  intensity  of  the  induced  current,  which  is 
in  proportion  to  that  of  the  principal  electric  current,  was 
measured  repeatedly.  The  numbers  obtained  enabled  the 
observed  results  to  be  reduced  by  a  simple  proportion  to  what 
they  would  be  if  the  intensity  remained  constant.  The  accu- 
racy of  these  numbers  will  therefore  depend  on  the  precision 
with  which  the  intensities  are  measured.  We  made  use  of  a 
sine-compass  placed  at  10'50  metres  from  the  middle  of  the 
large  solenoid  in  the  apparatus.  At  this  distance  the  mag- 
netic influence  on  the  compass  was  still  sensible,  and  deflected 
the  needle  about  10',  either  to  the  right  or  left,  according  to 
the  direction  of  the  current  in  the  bobbins.  In  order  to 
eliminate  this  disturbing  element,  each  determination  of  the 
intensity  consisted  of  two  successive  measurements,  made  by 
reversing  the  direction  of  the  electric  current  in  the  bobbins; 
and  the  average  of  the  tAvo  deviations  obtained  was  taken  as 
the  definitive  measurement. 

During  the  course  of  a  series  of  observations  these  deter- 
minations were  repeated  very  frequently,  every  ten  or  fifteen 
minutes;  and  it  is  certain  that,  for  the  measurements  included 
in  these  intervals  of  time,  the  numbers  obtained  by  interpola- 
tion gave  the  intensity  of  the  current  with  a  precision  equal 
to  that  of  direct  determinations. 

The  deviations  of  the  compass  varied  between  25°  and  22°; 
the  total  variation  from  morning  to  evening  for  the  same 
series  scarcely  amounted  to  2°.  All  the  results  were  reduced 
to  what  they  would  have  been  if  the  deviation  had  been  con- 
stantly 24°.  The  error  in  the  measurements  of  the  angles 
did  not  exceed  1';  so  that,  with  respect  to  the  intensities,  the 
error  could  not  amount  to  0*001  of  their  value.     This  accuracy 


396        M.  II.  Bccquorel's  Experimental  Investigations 

is  greater  tlian  that  of  the  numbers  obtained  for  the  magnetic 
rotations  of  the  gases. 

II.  Want  of  Homogeneity  in  the  Ltiminons  Sotirce. — A 
shaded  polariscope,  formed  of  a  divided  nicol,  such  as  the  one 
employed  by  ns,  miglit  be  used  for  studying  h'glit  of  any 
colour  whatever,  provided  that  the  luminous  rays  of  ditfi^rent 
■wave-lengths  experienced  the  same  action.  Under  the  in- 
fluence of  magnetism,  on  the  contrary,  the  planes  of  polari- 
zation of  the  ditferent  rays  are  unequally  deflected,  the  image 
from  the  polariscope  is  tinged  with  various  colours,  and  before 
any  measurements  are  possible  it  is  necessary  to  make  use  of 
a  monochromatic  source  of  light.  On  the  other  hand,  our 
ai)paratus  needed  an  extremely  brilliant  source  of  light,  on 
account  of  the  very  long  distance  generally  traversed  by  the 
luminous  rays  before  reaching  the  eye  :  the  passage  through 
the  glasses  and  the  successive  reflections  are  all  causes  of  loss 
of  light ;  and  equality  of  tint  is  obtained  by  almost  extin- 
guishing the  images,  and  preserving  not  more  than  about 
0"0019*  of  the  intensity  of  the  incident  ray. 

I  first  attempted  to  direct  the  blast  of  a  compound  blow- 
pipe onto  a  large  piece  of  fused  chloride  of  sodium.  This 
light  is  extremely  bright  for  a  moment;  but  the  salt  begins  to 
melt  very  rapidly,  without  giving  time  for  a  measurement  to 
be  completed  by  reversing  the  direction  of  the  electric  current. 
It  is  true  that  the  light  might  be  maintained  by  ])rogressively 
displacing  the  piece  of  chloride  of  sodium,  which  melts  only 
at  one  point  ;  but  this  gives  rise  to  a  very  grave  cause  of 
error:  the  luminous  point  is  displaced;  and  this  displacement 
causes  corresponding  deviations  of  the  plane  of  polarization, 
which  completely  disturb  the  phenomena  due  to  magnetic 
influence.  I  was  therefore  obliged  to  relinquish  the  employ- 
ment of  this  source  of  light. 

When  the  piece  of  chloride  of  sodium  just  spoken  of  is  re- 
placed by  a  piece  of  quicklime,  the  light  emitted  by  the  in- 
candescent lime  is  composed  of  nearly  all  the  raj'S  which 
form  the  visible  part  of  the  solar  spectrum,  but  the  luminous 
point  has  the  advantage  of  remaining  almost  perfectly  fixed. 

As  the  rotations  observed  in  the  apparatus  are  very  slight, 
the  images  are  only  very  faintly  coloured,  and  the  measure- 
ments of  equality  of  tint  can  be  made  with  great  exactitude. 
They  become  still  clearer  if  a  coloured  screen,  which  allows 

*  This  number  is  obtained  as  follows  : — The  position  of  the  analvzer 
which  corresponds  to  the  equality  of  tint  is  at  2°  30'  from  those  which 
correspond  to  the  extinction  of  each  half  of  the  image  from  the  polari- 
scope. In  this  position,  therefore,  the  luminous  intensity  is  represented 
by  cos-  87°  30'=0'001*J00,  the  intensity  of  the  incident  ray  being  taken  as 
unity. 
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only  a  narrow  portion  of  the  spectrum  to  pass^  is  placed  be- 
tween the  soiirce  of  light  and  the  polariscope. 

In  this  point  of  view,  the  want  of  homogeneity  in  the 
source  of  light  causes  only  a  slight  perturbation  in  the  appre- 
ciation of  the  equality  of  tint  of  the  two  halves  of  the  image  ; 
nevertheless  an  imperfect  knowledge  of  the  wave-length  of 
the  luminous  rays  which  reach  the  eye  causes  a  serious  un- 
certainty, which  it  is  most  desirable  to  obviate. 

In  fjict,  it  usually  happens,  as  will  be  shown  later,  that  the 
magnetic  rotations  of  the  planes  of  polarization  of  luminous 
rays  of  ditfereut  wa^e-lengths  traversing  a  gaseous  column, 
are  xevj  nearly  in  the  inverse  ratio  of  the  squares  of  their 
wave-lengths.  The  slightest  variation,  then,  in  the  nature  of 
the  rays,  of  which  the  equality  of  tint  is  being  estimated, 
modifies  the  size  of  the  corresponding  magnetic  rotation  very 
considerably  ;  and  our  apparatus  was  suiticiently  sensitive  to 
demonstrate  these  variations. 

A  little  ditference  in  the  pressure  of  the  oxygen  in  the 
blowpipe  causes  a  variation  in  the  temperature  of  the  incan- 
descent lime,  and  consequently  in  the  quality  of  the  light 
emitted;  for  the  higher  the  temperature  the  richer  the  light 
becomes  in  refrangible  rays.  At  each  passage  through  the 
glasses,  -and  at  each  reflection  on  the  mirrors,  a  small  quantity 
of  light  is  lost ;  so  that  the  colour  of  all  the  reflected  images  is 
not  exactly  the  same.  In  proportion  as  the  number  of  re- 
flections increases,  the  colour  of  the  corresponding  images  ap- 
proaches the  colour  emitted  in  large  quantity  by  the  source. 

In  order  to  profit  fully  by  the  sensitiveness  of  the  apparatus, 
and  to  effect  the  measurements  with  the  utmost  precision  of 
which  they  were  capable,  it  was  necessary,  in  each  of  the 
experiments,  to  estimate  the  average  length  of  the  luminous 
rays  which  reached  the  eye. 

Measurements  were  taken  of  the  rotation  of  the  plane  of 
polarization  of  these  rays  while  passing  through  the  same 
column  of  carbon  bisulphide,  or  of  some  other  body,  such  as 
glass,  with  which  the  phenomenon  was  previously  studied. 

For  carbon  bisulphide,  for  instance,  the  relations  of  the 
magnetic  rotations  to  the  yellow  rays  D,  and  to  ravs  of  any 
wave-length  whatever,  were  known.  It  sufliced,  then,  to 
know  the  magnetic  rotation  of  the  rays  studied,  compared 
with  the  rotation  of  the  yellow  light,  in  order  to  be  able  to 
deduce  the  approximate  value  of  the  wave-length  from  it. 
I  have  already  had  o<^casion  to  apply  this  method  in  mv  pre- 
vious researches*,  and  subsequently f  to  verify  the  accuracy 
of  the  results  thus  obtained. 

*  Annales  de  Chimie  et  de  P/ii/sique,  t.  xii.  1877. 

t   Comptes  liendus  de  VAcademie  des  Sciences,  t.  Ixxxv. 

Fhil.  Mag.  S.  5.  Vol.  12.  Xo.  77.  Dec.  1861.  2  H 
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In  order  to  measure  the  rotation  of  the  plane  of  polarization 
of  light,  other  methods  might  he  employed,  by  which  the 
■\vaye-length  of  the  light  under  measurement  ■would  be  very 
accurately  ascertainecl  ;  but,  as  I  have  already  remarked  in 
the  memoir  above  quoted,  these  methods  do  not  admit  of  the 
same  sensibiliiy  as  the  shaded  polariscope  when  the  rotations 
to  be  measured  are  very  small.  In  the  present  researches  I 
jiropose  to  determine,  at  the  same  time,  the  magnetic  rotations 
of  various  gases  with  luminous  rays  having  the  same  wave- 
length, and  to  compare  amongst  themselves  the  magnetic 
rotatory  powers  of  the  same  body  with  luminous  rays  having 
different  wave-lengths.  It  has  just  been  shown  that  the  two 
studies  should  be  pursued  side  by  side. 

I  made  use  of  the  light  of  incandescent  lime  seen  either 
directly  or  through  coloured  screens,  which  were  : — 

1.  Eather  dark-red  glasses,  made  with  cuprous  oxide. 

2.  Light-yellow  glasses. 

3.  A  bluish  green  glass,  which  intercepted  nearly  all  the 
red  rays,  and  chiefly  allowed  rays  to  pass  bordering  on  group 
E  in  the  solar  spectrum. 

4.  A  liquid  screen  containing  ammoniacal  copper  nitrate, 
which  gave  passage  to  a  pencil  of  luminous  rays,  the  most 
intense  part  of  which  had  an  average  wave-length  included 
between  the  lines  E  and  F  in  the  solar  spectrum. 

These  various  luminous  sources,  seen  through  a  column  of 
0*50  metre  of  carbon  bisulphide,  gave  the  following  results  : — 

The  rotation  obtained  under  the  same  magnetic  conditions 
for  the  yellow  rays  J)  was  taken  as  unity.  The  divergencies 
observable  in  the  results  relating  to  the  same  coloured  light 
arise  from  the  differences  in  temperature  of  the  source  during 
the  various  series,  and  show  the  importance  attaching  to  the 
variations  in  brilliancy  of  the  incandescent  lime. 

These  results  correspond  to  the  light  received  after  a  single 
passage  of  the  luminous  rays  through  the  apparatus  ;  as  is 
seen,  they  are  rather  variable  Avith  the  luminous  intensity. 
The  first  series  was  obtained  with  a  particularly  feeble  inten- 
sity; while  the  other  results,  which  are  more  concordant, 
correspond  to  very  nearly  the  maximum  temperature  that  I 
was  able  to  impart  to  the  cylinder  of  lime,  a  condition  that  I 
always  sought  to  realize  in  the  experiments.  In  order  to  fix 
the  wave-length  of  each  of  the  reflected  images  more  precisely, 
I  operated  in  the  following  manner : — The  large  tube  was 
withdrawn  from  the  interior  of  the  coils,  and  the  glasses 
unscrewed  and  placed  inside  the  first  coil,  into  which  I  caused 
the  full  current  from  the  pile  to  pass,  by  detaching  the  other 
coils  from  the  circuit.  By  this  means  the  magnetic  intensity 
became  very  considerable.     1  then  arranged  the  optical  system 
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in  the  same  way  as  for  my  experiments  with  the  gases.  The 
luminous  rays  passed  through  the  glasses  several  times  ;  and 
their  plane  of  jDolarization  experienced  unequal  magnetic 
rotations,  which  were  measured  for  each  image. 

Magnetic  Rotations  of  Carbon  Bisulphide,  with  different 
luminous  Sources. 


Magnetic  ro- 

Average length 

tations  com- 
pared with 

Average. 

of  wave  deduced 
from  the 
rotations. 

that  of  TeUow 
Ught'D. 

series. 

r2nd 

0-812 1 

Red  glass,  Xo.  1   

{  3rd 
1  4th 
r2nd 

0-803  1... 
0-809  J 
0-8381 

0-808 

6450 

Eed  glass,  Xo.  2    

\  3rd 
[4tli 

0-824  1... 
0-847  J 

0836 

634-5 

Yellow  rays  D  

fist 

1-000 
0  968 1 

589-2 

Yellow  glass 

■^2ud 
[3rd 

1080  \... 
102Sj 

1028 

582-0 

Wliite  ligbt,  incandes 
cent  lime   

■}lst 
fist 

1-066 
1-332 1 

5715 

J  2nd 
l3rd 

1-232  1 
1-245  {■■ 

1-274 

528-5 

4th 

1-287 

(  2nd 

1-458  1 

Slue  screen    

\  3rd 
1  4th 

1-498  \... 
1-482  J 

1-480 

5000 

The  following  Table  contains  the  results  obtained.  In  order 
to  facilitate  the  comparisons,  the  numbers  observed  were  re- 
duced to  what  they  would  be  with  the  intensity  of  the  electric 
current  which  I  employed  as  unity  throughout  the  work  ;  but 
as  they  arise  from  more  considerable  rotations,  their  precision 
is  greater.  The  results  are  given  to  the  hundredths  of  a 
minute  ;  at  best  the  tenths  of  a  minute  can  be  relied  on.  In 
this  Table  I  have  been  obliged  to  make  some  corrections, 
which  Mill  be  justified  later — in  particular  the  action  of  maor- 
netism  on  the  column  of  air  subjected  to  the  action  of  the 
electromagnetic  coil,  and  the  influence  exerted  by  the  latter 
on  the  glass  of  the  nearest  miri  or. 

Finally,  as  the  law  of  dispersion  of  the  planes  of  polari- 
zation of  the  various  coloured  rays  is  ascertained  for  the 
crown  glass,  the  approximate  value  of  the  average  wave- 
length of  the  luminous  rays  which  reach  the  eye  for  each 
image  can  be  reduced  from  the  observed  rotations. 

2H2 
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From  this  it  is  seen  that  the  wave-lengths  deduced  from 
these  observations  are  obviously  the  same  as  those  with  the 
carbon  bisulphide.  The  composition  of  the  light  from  the 
different  images  reflected  varies  little  when  coloured  screens 
are  used;  but  with  the  light  seen  directly  without  screens  the 
influence  of  coloration  from  the  successive  images  is  very- 
manifest.     Thus  we  find  : — 


For  the  direct  image \=0"000571 

0-000573 
?econd      „         ,,  .     . 


„        third 
,,        fourth 


0-000574 
0-000578 
0-000590 


"When  the  number  of  reflections  increases^  the  refrangibility 
steadily  decreases. 

III.  Magnetic  Rotations  caused  by  the  Glasses  interposed  in 
the  Path  of  the  Luminous  Rays. — I  have  already  mentioned 
that,  in  consequence  of  the  exigencies  of  construction,  the 
luminous  rays  had  to  pass  through  rather  considerable  masses 
of  glass,  subjected  to  an  extremely  weak  electro-magnetic 
action.  Nevertheless  the  rotatory  power  of  solids  is  so  great, 
compared  with  that  of  gases,  that  the  rotations  produced  by 
these  masses  of  glass  are  of  the  same  order  of  magnitude  as 
the  phenomena  to  be  measured. 

A  very  simple  means  of  determining  all  the  corrections  at 
the  same  time  was  to  create  a  vacuum  in  the  tube,  and  to 
measure  the  rotation  obtained,  under  these  conditions,  for 
each  source  of  light,  then  to  fill  the  tube  with  gas,  and  make 
the  experiments. 

At  first  I  tried  to  work  in  this  way;  but  the  process  pre- 
sented numerous  difficulties — amongst  others,  exposing  the 
glasses  to  the  risk  of  fracture.  When  the  tube  is  empty  of 
air,  the  glasses  support  a  pressure  of  about  50  kilog.  ;  now  it 
is  known  that  under  the  influence  of  even  a  feeble  pressure, 
the  rotatory  power  of  bodies  diminishes  very  considerably. 
The  real  degree  of  influence  exercised  bv  the  glasses  on  the 
rotations  when  the  tube  is  full  of  gas  is  therefore  not  ascer- 
tained under  these  conditions  ;  and  the  ditferences  are  not 
unimportant.  Besides,  under  the  strain  which  they  have  to 
support,  the  glasses  present  phenomena  of  elliptical  polariza- 
tion which  completely  alter  the  measurements.  In  order  to 
avoid  these  various  inconveniences,  I  adopted  the  plan  of 
always  operating  at  pressures  very  nearly  equal  to  atmospheric 
pressure.  Operating  by  displacement,  the  tube  was  filled 
with  the  different  gases  to  be  studied,  several  hundreds  of 
litres  of  gas  being  passed  into  it.     It  is  thus  possible  to  ob- 
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tain  in  the  tube  gases  containing  only  a  few  Imndredths  of 
impurities,  of  whicli,  liowever,  an  account  is  kept.  Under 
these  conditions  it  is  certain  tliat  the  ghisses  do  not  occasion 
any  sensible  phenomena  of  elliptical  polarization  which  can 
confuse  the  measurements.  For  instance,  I  placed  in  the 
immediate  vicinity  of  the  polariscope  a  small  tube  of  sugar 
and  water,  giving  a  rotation  of  55'  for  yellow  light ;  and 
on  measuring  this  rotation  by  means  of  the  fourth  reflected 
image,  it  was  found  to  have  exactly  the  same  rotation,  55'. 
The  rays  had  then  traversed  forty  surfaces  of  glass. 

It  must,  however,  be  remarked  that  when  the  tube  is  very 
hot  the  circumference  of  the  glasses  becomes  unequally  heated, 
and  they  present  slight  and  momentary  indications  of  strain. 
The  glasses  can  be  set  so  as  to  counteract  the  etfects  pro- 
duced ;  but  it  is  better  to  conduct  the  experiments  in  such  a 
way  as  to  avoid  these  perturbations,  and  to  reject  the  obser- 
vations which  there  is  reason  to  believe  are  affected  by  this 
cause  of  error.  In  order  to  ascertain  the  influence  of  the 
glasses,  the  magnetic  rotation  through  the  tube  full  of  air 
was  measured  ;  then  the  glasses  were  unscrewed,  and  the  new 
rotations  obtained  measured  ;  the  difference  between  the  two 
gives  the  action  of  the  glasses.  But  this  difference  itself  de- 
pends upon  very  small  numbers ;  and  it  becomes  of  conse- 
quence to  try,  by  special  measurements,  the  value  of  this 
correction,  since  it  affects  all  the  other  measurements. 

The  magnetic  intensity  at  the  position  of  the  glasses  was 
ascertained  either  directly  or  by  means  of  the  curve  spoken 
of  at  page  323.  This  curve  gives  the  ratio  of  the  mag- 
netic intensities  inside  the  first  coil,  and  at  any  distance  from 
it.  For  the  glasses  whose  centre  is  at  about  0*14  metre 
from  the  exterior  surface  of  the  coils,  the  ratio  of  the  mag- 
netic intensity  experienced  has  been  found  to  equal  O'OGT  of 
that  inside  the  coil. 

A  heavy  piece  of  glass  placed  inside  the  first  coil  gave  for 
the  yellow  light  a  rotation  of  106''10;  and  at  the  place  of  the 
glasses  in  the  tube  it  gave  7'*1.  The  ratio  of  the  two  rota- 
tions is  also  0"067.  I  adopted  this  number,  and  thus,  knowing 
the  magnetic  rotations  of  the  glasses  inside  the  first  coil 
(p.  399),  was  able  to  deduce  from  them  the  corrections 
sought  for  with  the  different  colours  and  different  images. 

To  this  correction  a  second  but  less  important  one  must  be 
added.  It  has  been  seen  that  both  before  and  after  the 
successive  reflections,  the  luminous  rays  pass  through  the 
mirrors  themselves.  These  are  made  of  St.-Gobain  glass,  and 
are  7*9  millim.  thick.  The  magnetic  intensity  to  which  they 
are  subjected  has  been  found  to  equal  0*026  of  that  existing 
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inside  the  first  coil;  and  taking  into  account  the  relative 
thickness  of  the  glasses  and  mirrors,  it  is  clear  that,  in  order 
to  ascertain  the  magnetic  rotation  to  which  they  give  rise, 
the  nmnber  obtained  for  the  glasses  inside  the  tube  must  be 
multiplied  by  0-040. 

In  this  way  the  following  Table,  which  contains  the  neces- 
sary corrections  to  be  made  to  the  direct  measurements,  has 
been  drawn  up  : — 

Corrections  for  the  Glasses  and  the  Glass  of  the  Mirrors. 


Red. 

4th  image.     3rcl  image. 

2nd  image. 

1st  image. 

Glasses    

Mirrors  

3-49                294 

0-25                0-25 

210 
025 

i-26 
025 

3-74 


■19 


2-35 


1-51 


"White  (incandescent  lime)  ;  yellow. 

4th  image  (D).     3rd  image.     2ud  image       1st  image. 


Glasses    

4-30                3-50 

2-53 
0-30 

2-83 

1-.52 

Mirrors  

0-28                0-29 

0-30 

4-58                3-79 

1-82 

Green. 

4th  image.      3rd  image. 

2nd  image. 

1st  image. 

Glasses    

Mirrors 

5-75                4-47 

0-38                0-3S 

310 
0-37 

1-85 
0-37 

3-47 


2-22 


6-13  4-85 

Blue. 

4th  image.     3rd  image.      2nd  image.      1st  image. 


Glasses 
Mirrors 


2-16 
0-42 

2-58 


These  numbers  are  obtained  from  a  laro-e  number  of  obser- 
vations  ;  although  the  tenths  of  a  minute  may  be  relied  on, 
the  hundredths  are  given  as  they  resulted  from  the  calcu- 
lations. In  concluding  the  examination  of  this  question,  I 
may  remark  that,  the  rotations  to  be  measured  in  the  gases 
being  very  small,  all  secondary  considerations  had  to  be 
sacrificed  to  perfection  in  the  arrangement  of  the  optical 
system,  without  which  perfection  the  measurements  would 
have  been  impossible. 

IV.  Correction  for  the  Temperature. — 1  stated  above  that,  in 
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consequence  of  the  passage  of  tlie  electric  current  through 
the  coils,  the  temperature  of  the  tube  rose  rapidly  to  30°  or 
40°  C.  It  was  tlien'fore  very  important  to  ascertain  the 
average  temperature  of  the  gases  in  each  series  of  experi- 
ments. 

To  do  tliis  I  measured  the  temperature  of  the  copper  by 
means  of  contact-thermometers.  Moreover  the  tube  itself 
acted  as  a  gas-thermometer  ;  it  was  in  constant  connexion 
with  a  mercurial  manometer  which,  when  the  atmospheric 
pressure  was  ascertained,  gave  at  every  moment  the  pres- 
sure of  the  gas  inside  tlie  tube.  The  temperature  deduced 
from  observations  of  the  pressure  w^as  always  the  same  as 
that  given  by  the  thermometers.  The  comparison  of  these 
temperatures  enabled  us  to  discover  when  there  were  leakages 
of  gas  in  the  tube. 

In  order  to  admit  of  comparison,  the  results  observed  had 
to  be  reduced  to  the  same  pressure  of  760  millim.  of  mercury 
and  to  the  same  density.  The  correction  relative  to  the  pres- 
sure and  to  the  density  might  amoimt  to  0*10  of  the  value  of 
the  numbers  found  experimentally. 

I  have  assumed  that  the  magnetic  rotatory  power  of  the 
gases  studied  between  0°  and  40°  varied  proportionately  to  the 
density,  or  in  the  inverse  ratio  of  the  modulus  of  dilatation 
(l  +  o?).  The  probable  existence  of  a  slight  variation  with 
the  temperature  in  the  molecular  rotatory  power  of  the  gas 
has  been  thus  neglected  ;  but  it  may  be  remarked  that  if  this 
variation  is  of  the  same  order  of  dimension  for  gases  as  for 
other  substances  it  must  escape  our  measurements;  for  it  is  of 
the  order  of  the  errors  of  observation.  The  agreement  of  the 
results  obtained  at  diiterent  temperatures  seems  to  justify  this 
hypothesis.  Concerning  the  numbers  given  below,  it  maybe 
stated  that  they  were  obtained  at  a  temperature  of  bcitween 
10°  and  40°,  and  that  the  different  gases  were  reduced  to  a 
uniform  pressure  and  volume    by  multiplying  the  numbers 

obtained  by  the  factor  -^  (\+at),  H  being  the  pressure  of 

the  gases,  t  their  temperature,  and  a  their  coefficient  of  dila- 
tation. 

V.  Digj^lacement  of  the  Luminous  Point. — The  luminous 
point  does  not  invariably  occupy  a  fixed  position.  Although 
t'le  blowpipe  is  fixed  to  the  polariscope,  it  happens  that  the 
luminous  point  rises  or  falls  on  the  piece  of  lime  according 
to  the  greater  or  less  jiressure  of  the  oxygen  whit'h  feeds  the 
combustion.  The  lime  itself  becomes  slightly  hollow;  and  on 
this  account  the  incandescent  region  is  dis})laced. 

These  slight  displacements   of  the  luminous  point  cause 
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corresponding  variations  in  the  plane  of  polarization  of  the 
different  images  ;  and  if  a  sudden  displacement  occurred 
during  the  progress  of  a  measurement,  the  latter  would  be 
erroneous.  In  order  to  guard  against  these  variations,  a 
large  number  of  consecutive  measurements  were  made  by 
alternating  the  direction  of  the  electric  current  in  the  coils. 

During  the  greater  part  of  the  time  it  was  easy  to  see,  by 
the  constancy  of  the  direction  of  the  planes  of  polarization 
reflected  in  one  direction  or  the  other,  that  the  luminous 
point  was  fixed.  From  time  to  time  a  gradual  displacement 
of  the  planes  of  polarization  was  apparent ;  but  as  the  devia- 
tions in  one  direction  or  the  other  were  measured  alternately, 
this  cause  of  error  could  be  eliminated  by  taking  the  average 
of  the  deviations  in  one  direction  and  the  average  of  the  de- 
viations in  the  other.  All  the  numbers  obtained  were  exa- 
mined with  gi-eat  care  from  this  point  of  view,  and  the 
averages  calculated  in  two  ways: — the  first,  by  taking  the 
averages  of  the  double  rotations  directly  observed  ;  the 
second,  by  deducing  the  rotation  from  the  difference  between 
the  average  positions  of  the  planes  of  polarization  deflected  in 
one  direction  or  the  other. 

When  the  two  calculations  did  not  give  exactly  the  same 
result,  the  average  of  the  two  numbers  was  taken.  The  differ- 
ence, however,  did  not  generally  amount  to  more  than  a  few 
tenths  of  a  minute  of  arc. 

Finally,  I  may  add  that  all  the  phenomena  which  might  be 
due  to  dilatation,  even  of  the  copper  tube,  must  be  considered 
as  introducing  no  appreciable  perturbation  into  the  measure- 
ments. 

Accuracy  of  the  Measurements. 

The  magnetic  rotations  obtained  for  the  gases  are  some- 
times so  feeble  that  it  is  very  important  to  take  the  most 
exact  account  possible  of  the  degree  of  accuracy  of  the  obser- 
vations. As  will  be  seen,  this  determination  presents  great 
difficulties  ;  and  I  shall  confine  myself  to  indicating  the  supe- 
rior limits  of  the  errors  to  be  feared. 

The  causes  which  may  vitiate  the  measurements  are  the 
following  : — 

1st.  The  greater  or  less  precision  in  the  determination  of 
the  position  of  the  planes  of  polarization,  in  consequence  of 
the  imperfection  with  which  the  eye  appreciates  the  equality 
of  tint  in  the  two  halves  of  the  image  from  the  polariscope. 

2nd.  The  precision  with  which  the  electromagnetic  inten- 
sity is  measured. 

3rd.  The  uncertainty  as  to  the  true  wave-length  of  the 
light  studied. 
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4th.  The  o;roatcr  or  less  accuracy  in  the  measurement  of 
the  tonijteraturo  and  pressure  of"  the  ^ases. 

r)tli.  The  accidental  displacement  of  the  luminous  point. 

The  influence  of  the  last  four  causes  of  error  is  very  slight 
in  comparison  with  the  first.  In  determining  the  maximum 
value  of  the  latter,  let  us  consider  the  maximum  value  to 
which  the  errors  in  our  measurements  might  attain.  Let  R 
be  the  magnetic  rotation  for  a  given  gas,  submitted  to  the 
action  of  an  electric  current  of  the  intensity  I,  and  A  the 
wave-length  of  the  luminous  rays  to  which  the  observations 
are  being  directed,  let  p  be  the  rotation  which  is  to  be  mea- 
sured, i  and  X  the  wave-length  of  the  light  studied.  It  will 
be  shown  afterwards  that  we  can  express 

By  taking  the  logarithms  of  the  two  numbers  and  differ- 
entiating, we  have 

d^_dp_m^_di_d'R       adt 


Up        \        i       R      1  +  at 

Each  of  the  terms  of  the  second  member  represents  the 
relative  error  due  to  the  variation  of  each  element,  and  may 
be  positive  or  negative.  It  is  clear  that  the  most  unfavour- 
able case  for  the  measurements  will  be  that  where  the  terms 
have  the  same  sign  and  are  additive.  i- 

Now  it  has  been  seen  above  (p.  395)  that  -r  cannot  exceed 
0001.  ^ 

The  possible  variation  of  X  may  be  deduced  from  experi- 
ments made  with  carbon  bisulphide  (p.  398).  It  is  easily 
seen  that  the  variations  in  brilliancy  of  the  incandescent  lime 
through  the  same  coloured  screen  do  not  give  for  the  expres- 
sion -^--  greater  values  than  0*05  ;  -yj-  does  not  amount  to 
A-  Jtl 

0*002  ;  and  an  error  of  1°  must  be  made  in  the  temperature  of 
the  gases  in  order  that  the  expression  - — —  shall  be  0*003. 

There  remains,  then,  the  error     -.     With  a  shaded  appa- 

ratus  the  position  of  equality  of  tint  is  easily  determined  to 
nearly  1'.  As  the  rotations  sought  are  deduced  from  the 
difterence  between  the  two  measurements,  the  maximum 
error  cannot  exceed  2'. 

Let  us  admit  this  limited  value  dp  =  2',  and  let  us  calculate 
the  relative  error  for  two  gases — air,  which  produces  the 
smallest    rotations,    and    olefiant    gas,  which    produces    the 
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largest : 

For  air.     .     .     p=   6'-4^  =  0-3,    ^=0-35, 

For  olefiant  gas  p  =  40'-0  ^  =  0-05,  ^=0-10.' 

Strictly  speaking,  then,  in  a  single  determination  it  would 
be  possible  to  commit  an  error  which  would  vary  between 
the  third  and  the  tenth  of  the  rotation,  according  to  magnitude 
of  the  rotation. 

These  numbers  are  far  from  giving  the  precision  which 
may  be  attained  by  increasing  the  observations.  For  ex- 
ample, we  made  on  the  two  gases  that  we  have  just  cited  about 
a  hundred  and  fifty  measurements,  which  mutually  tested  each 
other,  and  enabled  us  to  see  which  observations  were  too  in- 
exact and  ought  to  be  rejected. 

Not  being  able  to  determine  separately  the  value  of  the 
most  important  causes  of  error,  we  attempted  to  make  the 
precision  of  each  series  evident  by  means  of  the  greater  or 
less  agi-eement  in  the  measurements.  Suppose  that  the 
average  of  the  numbers  for  a  series  of  observations  is  the  true 
value  of  the  rotation  sought ;  the  individual  measurements 
can  then  be  compared  with  this  average,  and  the  positive  or 
negative  deviations  calculated  in  each  case.  Giving  the  same 
sign  to  all  of  them,  and  taking  the  average,  a  number  will 
result  that  we  will  call  the  "average  deviation,"  and  which 
Avill  give  an  idea  of  the  precision  of  each  of  the  measurements 
in  a  series.  In  this  calculation  all  the  observations  were 
taken  into  account,  even  those  which  presented  exceptionally 
large  deviations  due  to  accidental  causes.  In  the  following 
Tables  we  have  put  in  opposite  columns  the  numbers 
adopted,  and  the  value  of  the  average  deviation  calculated  in 
this  way  for  each  series  ;  but  it  must  be  observed  that  this 
deviation  is  not  the  error  which  is  probably  to  be  feared. 
As  might  be  anticipated,  it  is  much  smaller,  as,  indeed,  the 
agi'eement  of  the  results  deduced  from  different  series  de- 
monstrates. The  average  deviations  are  only  superior  limits  of 
the  errors. 

If  the  only  cause  of  error  were  that  which  relates  to  the 
optical  measurements,  the  different  series  ought  to  give  the 
rotations  sought  with  a  precision  proportionately  greater  as 
the  image  reflected  is  of  a  higher  order ;  for  the  same  error 
would  enter  into  a  multiple  of  unknown  quantity,  and  the 
application  of  the  method  of  least  squares  would  be  clearly 
indicated  ;  but  certain  perturbations,  such  as  a  variation  in 
the  wave-length  of  the  light  studied,  enter  into  the  value  of 
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even  the  unknown  rotation.  It  was  therefore  necessary  to 
compare  each  of  tlie  rotations  with  the  average  wave-length 
which  corresponded  to  it. 

It  has  been  stated  that  the  results  obtained  with  different- 
coloured  rays  are  very  nearly  in  the  inverse  ratio  of  the 
square  of  the  wave-lengths;  and  the  departures  from  this 
simple  law  are  of  the  order  of  errors  of  observation.  This 
observation,  then,  enabled  us  to  employ,  for  the  determi- 
nation of  the  magnetic  rotation  corresponding  to  luminous 
rays  of  a  given  Avave-length,  for  example  the  yellow  rays  D, 
all  the  obsei'vations  relative  to  the  same  gas,  which  in  the 
case  of  air  and  olefiant  gas  amounted  to  a  hundred  and  fifty. 

Now  the  average  of  a  hundred  observations  made  with  the 
greatest  care  possible  may  be  considered  as  ten  times  more 
exact  than  a  single  isolated  measurement ;  it  is  clear,  then, 
that  for  the  numbers  in  question,  an  accuracy  of  ^^  of  the 
minute  of  arc  niay  be  relied  on. 

It  will  be  shown  (p.  428)  that  the  numbers  deduced,  as 
has  just  been  said,  from  observations  relative  to  various 
colours  do  not  ditter  amongst  themselves  by  more  than  -^^q  for 
air  and  3^  for  olefiant  gas. 

In  the  Tables  that  follow,  the  numbers  are  expressed  in 
niiniites  of  arc  ;  and  although  the  first  decimal  figure  cannot 
always  be  relied  on,  I  have  given  the  results  to  two  decimal 
figures,  as  they  resulted  from  the  calculation  of  the  averages. 

Experimental  Determinations. 

It  has  just  been  shown  what  was  the  relative  importance  of 
the  different  corrections  which  affect  the  direct  observations. 
Among  them  there  is  one  that  apjtlies  to  all  the  other  correc- 
tions ;  this  is  the  variation  in  the  electromagnetic  intensitv. 

It  was  ascertained  that  this  varied  only  within  restricted 
limits;  and  in  order  to  render  the  numbers  comparable,  we 
made  this  correction  first  of  all.  The  tables  which  follow 
contain  only  numbers  thus  corrected.  The  values  of  the  other 
corrections  are  given  in  the  tables  themselves,  in  order  that 
their  relative  importance  may  be  justly  estimated ;  for  they 
allow  of  the  same  causes  of  error  as  the  observations  them- 
selves. We  now  proceed  to  examine  successively  the  results 
obtained  with  different  gases. 

Atmospheric  Air. — The  observations  relative  to  atmospheric 
air  were  numerous,  first,  because  the  magnetic  rotations  of 
this  body  constituted  an  important  physical  datum,  and, 
secondly,  because  it  was  possible  to  efi'ect  the  determina- 
tions without  interposing  the  tube-glasses  in  the  path  of  the 
light,  and  thus  to  verity  the  numbers  adopted  for  the  magnetic 
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rotations  due  to  the  passage  of  the  luminous  rays  through 
these  glasses.  Besides  the  determinations  which  follow,  a 
great  number  of  others  were  made  before  the  apparatus  had 
received  its  definite  and  final  form.  However,  the  average  of 
the  results  found  previously  is  identical  with  that  which  is 
deduced  from  the  following  numbers: — 


Atmospheric  Air. 


Series. 

Average 
tempera- 
ture, t. 

Average 

pressure, 

H. 

Correction, 

(1  -{-atyim 

T^umbers     ; 
observed  and 
corrections. 

Corrected 
magnetic 
rotations. 

Mean 
devia- 
tions. 

H         1 

"White  light  (incandescent  lime). — 4th  image  (9  passages). 

Ist.  Measurements  without  the  tube-glasses.    ( Former  arrangement  of  the  apparatus.)! 

Q            millim.                                           ,                    , 
May  13,  1879.       30-7          764-0          MOO                     6-17         6-78 

11 

Final  arrangement. 

Jan.  16,  1880. 

10-0 

763-2 

1033 

6-56 
Mirrors  0*28 

Diff       6-28 

-    6-48 

1-8 

March  19,  1880. 

16-0 

768-0 

1-048 

6-44 
Mirrors  0-28 

645 

1-0 

Diff.       616  J 

2nd.  Measurements  with  the  tube-glasses. 

Jan.  19,  1880. 

16-5 

762-8 

1-056 

10-74 

Corr.      4-58 

Diff.        616 

-    6-50 

1-0 

March  11, 1880. 

140 

801-3 

1-032 

10-92 
Corr.      4-58 

Diff.        6-34 

6-54 

1-6 

3rd  image  (7  passages). 

March  6,  1880. 

21-0 

791-8 

1-033 

8-77 
Corr.      3-79 

Diff.       4-98 

5-14 

11 

Yellow  light  (yellow  glass). — 4th  image  (9  passages). 

1st.  Measurements  without  the  glasses. 

March  19,  1880. 

20-7 

767-9 

1064 

6-15 
Mirrors  028 

Diff.       5-87 

.     6-18 

•0-8 

„   (2nd  series). 

35-0 

766-3 

1-119 

5  05 
Mirrors  0-28 

Diff.        4-77 

[    5-34 

0-4 
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Table  {cojitinued). 


Series. 

Average 
tempera- 
ture, t. 

Average  Correction, 

pressure,  (l+a^)760 

H.              H       • 

Numbers 
observed  and 
corrections. 

Corrected 
magnetic 
rotations. 

Mean 
devia- 
tions. 

March  11,  1880. 

2nc 
330 

,.  Measurements  with  the  glasses, 
millim.                                           , 
820-3          1038                    10-95 
Corr.       4-58 

Diff.       6-37 

6-61 

1-2 

Red  light  (red  glass  No.  2). — 4th  image  (9  passages). 
Measurements  without  the  glasses. 
March  19,  1880.     30-6         766o   i       1102                    588  ^ 

Corr.      0-25    1     ^.^q 
I     b  19 

09 

1  Diff.       5-63 

J 

March  19,  1880. 

M 
27-2 

3rd  ii 
easuremei 
766-6 

nage  (7  pass 

its  without  t 

1077 

ages). 

lie  glasses. 

4-23 
Mirrors  025 

Diff        3-98 

1 

4-28 

0-5 

March  11,  1880. 

330 

Measurem 
821-4 

ents  with  th 
1037 

e  glasses. 

7-50 
Corr.      319 

^ 

4-47 

10 

Diff.       4-31 

March  19, 1880. 

Gee 
M 
214 

EN  LIGHT.- 

easuremei 
767  05 

— 4th  image 

its  without  t 

1071 

(9  passages). 
be  glasses. 

754 
Mirrors  038 

Diff.       716 

1 

7-67 

0-9 

>i            ri 

380 

766-2 

1-130 

6-66 
Mirrors  038 

Diff.       6-28 

- 

710 

0-9 

March  19, 1880. 

26-2 

3rd  in 
[easureme 
766-9 

cage  (7  passs 

nt  without  t 

1-086 

iges). 

lie  glasses. 

6-38^ 
Mirrors  0-38 

Diff.       600. 

0-51 

10 

March    6,  1880. 

33-6 

Measui-er 
8210 

uent  with  th 
1-038 

e  glasses. 

11-39 
Corr.      4-85 

-1 

6-78 

0-8 

Diff.        6-54 

March  11,  1880. 

350 

822-1    ■       1040 

i 

11-33 
Corr.      4-85 

6-73 

1-9 

Diff.        ()-4S 
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Series. 

Average    Average 
tempera-  pressure, 
ture,  t.          H. 

Correction,      Numbers]     ]  Corrected 

(1  +a?')760  ^  observed  and    magnetic 

H.          1  corrections,     rotations. 

Mean 
devia- 
tions. 

2nd  image  (5  pissages). 
Measurement  with  the  glasses. 

March  6,  1880. 

33-6 

millim. 
821-0 

1-038 

7-20 
Corr.      3-47 

-    3-97 

0-6 

Diff.       3-73  J 

Blue  light. — 1st  image  (3  passages). 
Measurement  without  the  glasses. 

March  19,  1880. 

36-9 

766-1 

1-126 

3-10  ■ 
ilirrors  0-43         o.qq 

DiflP.        2-67 

0-3 

Oxygen. — The  oxygen  was  prepared  by  mixing  chlorate  of 
potash  Avith  a  little  binoxide  of  manganese.  The  greatest  care 
was  taken  to  purify  the  gas  from  the  chlorine  always  contained 
in  it :  this  was  done  by  passing  it  several  times  very  slowly 
through  a  solution  of  potash,  and  then  over  pumice  moistened 
with  a  concentrated  solution  of  potash.  The  gas  was  dried  by 
passing  over  fragments  of  pumice  moistened  with  sulphuric 
acid  and  then  over  calcium  chloride. 

In  this  way  several  hundreds  of  litres  of  gas  were  prepared 
in  bags  Avhich  had  been  used  for  some  time;  and  the  oxygen 
was  slowly  introduced  into  the  tube  by  causing  it  to  pass  once 
more  through  the  series  of  purifying  and  drying  tubes.  The 
oxygen  displaced  the  air,  so  that  eventually  the  tube  was  filled 
with  a  mixture  containing  only  a  few  hundredths  of  impuri- 
ties. Several  methods  were  employed  for  analyzing  the  ox^-gen, 
hydrochloric  acid  and  copper  being  principally  used.  In  this 
way  we  obtained  for  the  mixture  studied  as  below: — 

On  the  27th  of  February,  1880,  out  of  134  vol.  of  gas,  3-5 
vol.  of  residuum,  which  we  may  admit  to  be  nitrogen  (say 
0*9739  of  oxygen  and  0*0261  of  nitrogen).  After  having  made 
the  determinations  with  this  gas,  a  fresh  analysis,  made  on  the 
3rd  of  March,  yielded  out  of  121  vol.,  a  residue  of  3*4  vol. 
(say  0*972  of  oxygen  and  0*028  of  nitrogen). 

It  is  to  be  noted  that,  between  the  two  series  of  experi- 
ments, a  fresh  quantity  of  gas  was  passed  into  the  tube.  It 
may  be  admitted  that  we  had  an  average  of  0*973  of  oxygen 
and  0*027  of  nitrogen.  The  following  numbers  were  ob- 
tained:— 
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Oxygen,  0*9730 +  0-027  Nitrogen. 


Series. 

Average 
tempera- 
ture, t. 

Average 

pressure, 

H. 

Correction, 

(l-ha0700  i 

H. 

Numbers 
observed 
and  cor- 
rections. 

Corrected 
magnetic 
rotations. 

Mean 
devia- 
tions. 

White  light. — 3rd  imago  (7  passages). 

Feb.    28,1880. 

o 

120 

millim. 
797-5 

0-995 

8-55  ■] 
Corr.  3-79  1    ^.-g 

Diff.  4-76  J 

2-9 

March  3,  1880. 

24-5 

810-3 

1-022 

8-12  ] 
Corr.  3-79        a.,-) 

Diff.  4-33  J 

2-9 

Yellow  light. — 3rd  image. 

Feb.    28,  1880. 

24  0 

831-0 

0-996 

8-58  ^l 
Corr.  3-79       ^.^^ 

Diff.  4-79  J 

2-3 

1 

Red  light. — 3rd  image. 

March  3,  1880. 

19-2 

796-9 

1022 

8-69| 
Corr.  3-19 

Diff.   5-50 

5-62 

2-3 

,.        „ 

22-8 

807-5 

1-023 

814 
Corr.  319 

1 
.    5-01 

2-7 

Diff.  4-93 

)>        II 

29-7 

819-0 

1-029 

8-39 
Corr.  3-19 

Diff.  5-20 

5-34 

2-3 

Green  light. — 3rd  image. 

Feb.     28,  1880. 

25-3 

8340 

0-995 

9-65 
Corr.  4-85 

■  4-77 

2-5 

Diff.  4-80 

March    3,  1880. 

330 

830-7 

1025 

10-63 
Corr.  4  85 

Diff  5-78 

-   5-92 

3-2 

>i        II 

24-7 

807-8 

1-026 

8-83 
Corr.  4-85 

Diff.  3-98 

4-08 

1-2 

»        »i 

34-8 

8336 

1028 

10-05 
Corr.  4-85 

5-20 

6-34 

1-2 

The  average  of  all  the  observations  made  March  3rd  on  the 
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third  image,  by  alternating  the  measurements  relative  to  the 
red  rays  and  to  the  green  rays,  produced: — 

Third  image. 


Red. 

Rotation     8*55 

Correction 3*19 

Difference...   5"34 


Green. 

9-(31 
4-85 

4-76 


These  numbers  will  be  discussed  later.  From  the  begin- 
ning of  the  experiments  the  series  relative  to  the  oxygen  pre- 
sented anomalies  upon  which  I  shall  dwell  presently.  I  also 
made  a  further  series  of  observations  with  this  gas,  some  at 
the  beginning  of  the  experiments  in  1879,  others  at  the  end 
of  January  1880,  and,  finally,  the  determinations  which  I 
have  just  recorded. 

The  latter  correspond  to  a  purer  gaseous  mixture  than  the 
previous  series.  I  judged  it  useless  to  reproduce  the  numbers 
relative  to  the  former  series ;  they,  however,  completely  con- 
firmed those  just  given. 

Nitrogen. — The  nitrogen  was  prepared  by  passing  air  very 
slowly  through  two  tubes,  0'50  metre  long,  filled  with  copper 
turnings,  heated  to  a  red  heat  in  porcelain  tubes.  The  gas  was 
received  in  a  large  gasometer,  and  afterwards  made  to  pass, 
after  drying,  into  the  tube  previously  full  of  air. 

The  gaseous  mixture  was  analyzed  by  means  of  cold  phos- 
phorus; and  out  of  150  vol.  of  gas  a  residuum  of  loG'O  was 
produced.     The  following  are  the  results  obtained: — 

Nitrogen.  0-91 +  0*090  Oxvgen. 


Series. 

Average 
tempera- 
ture, t. 

Average 
pressure. 

Correction, 
(1  -|-a0760 

IS'umbers 
observed 
and  cor- 
rections. 

Corrected 
magnetic 
rotatioDB. 

Mean 
devia- 
tions. 

H. 

H 

White  lic-ht. — 4tli  image  (9  passages). 

Jan.  16,  1880. 

200 

millim. 
762-6 

1-069 

11-00  \     , 
Corr.  4-58    .   g.gg 

Diff.  6-42|J 

2-6 

The  numbers  obtained  for  air  and  oxygen  ought  to  enable 
us  to  find  the  number  relative  to  the  nitrogen.  Bv  correctinor 
the  number  above  obtained  by  the  0*09  vol.  of  oxvgen  which 
it  contains,  we  obtain  for  the  pure  nitrogen  the  number  6"95. 

Let  us  now  calculate  the  rotation  of  the  nitrogen  bv  means 
of  those  of  the  air  and  oxygen.     Let  us  take,  for  example,  the 

Phil.  Mag.  S.  5.  Vol.  12.  Xo.  77.  Dec.  1881.  21 
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numbers  relating  to  the  third  white  image.     We  have: — 

Air,  0-208  0  + 0-702  N 5-14 

0-208  oxygen 0-05 

whence 

0-792  N 4-19 

and                         N  (3rd  imago)  5-29 

N  (4th  image)  G-80 

This  number  agrees  sufficiently  well  ^^^th  the  direct  determi- 
nations ;  for  we  cannot  count  on  a  greater  precision. 

Nitrogen  Monoxide. — Nitrogen  monoxide  was  prepared  by 
the  decomposition  of  ammonium  nitrate,  and  collected  over 
water  saturated  with  this  gas.  It  was  subsequently  passed  into 
the  tube,  which  was  then  full  of  a  mixture  of  0-70  of  oxygen 
and  0-30  of  nitrogen. 

The  gas  was  analyzed  by  absorbing  it  by  Avator ;  in  this  ana- 
lysis account  must  be  taken  of  the  air  dissolved  in  the  water, 
and  which  is  evolved  on  the  solution  of  the  gas  which  is  more 
soluble.      In  this  way  we  obtained  for  the  mixture  : — 

Nitrogen  monoxide 0-691 

Nitrogen  0-219 

Oxygen 0-090 

Cold  phosphorus  was  employed  for  the  analysis  of  the  mix- 
ture not  absorbed  by  the  water. 

The  gas,  as  we  see,  was  very  impure;  and  this  disadvantage 
must  be  attributed  to  the  air  dissolved  in  the  water  of  the 
gasometer,  and  which  was  evolved,  either  by  a  partial  vacuum 
being  produced  in  the  upper  part  of  the  gasometer,  or  by  the 
solution  of  nitrogen  monoxide  in  the  water. 

The  following  numbers  were  obtained  for  the  preceding 
mixture : — 


Average 
tempera- 
ture, t. 


Average  >  Correction, 
pressure,  (l+atYtiSO 
H.       H 


Numbers 
observed 
and  cor- 
rections. 


Corrected 
magnetic 
rotations. 


Mean 
devia- 
tions. 


Jan.  30,  1880. 


23-0 


White  light. — 4th  image, 
millim 

1067 


r20 


1710! 
Corr.  4-58| 

Diff.  12-62 


13-36 


Green  i 

[ylGHT. 4th 

image. 

Jan.  30,  1880. 

26-9 

774-0 

1-067 

21-121  ■» 
Oorr.  613j 

Diff.  14-99  . 

15-99 

1-7 


4-2 
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The  rotations  which  would  be  given  bj  protoxide  in  a  pure 
state  can  be  deduced  from  the  preceding  numbers;  in  fact,  we 
have  for  the  fourth  image  (white  light) : — 


whence 


Mixture     13-36 

0-219  N      r-on 

0-09    0         0'-53J-"- 


2-04 


0-691^20   11-32 

From  this  is  deduced: — 

X2  0  (4th  white  image)...  16'-38 
The  same  calculation  can  be  made   for  the 


indeed  we  have  for  the  4th  image  (green  light) : — 


green  light ; 


Mixture    15-99 

0-219  N         V-88\  .„ 

0-99    0         0'-53/ ^'^^ 

0-691  SoO  13-58 

whence  K2  0  {'i^th.  green  image)       19-61 

Carbonic  Acid. — The  carbon  dioxide  was  prepared  bv  the 
action  of  hydrochloric  acid  on  white  marble.  A  current  of 
this  gaSj  previously  dried,  was  passed  for  a  very  long  time  into 
the  tube,  which  contained  at  the  time  the  mixture  of  nitrogen 
monoxide,  oxygen,  and  nitrogen  above  mentioned. 

This  gas  was  analyzed  by  absorbing  it  by  water;  and  out  of 
154  vol.  of  gas  I  found  a  residuum  of  3  vol.  (sav  0-0195  of 
impurities  and  0'9805  of  carbonic  acid).  This  gas  mav  be 
considered  pure  :  and  the  numbers  obtained  can  onlv  admit 
an  inappreciable  correction ;  for  it  happens  that  the  carbonic 
acid  has  very  nearly  the  same  magnetic  rotator)'  power  as  the 
mixture  which  constitutes  the  0*019  of  impurities.  The  results 
obtained  are  given  in  the  following  table: — 


Series. 


Average  |  Average  Correction, 
tempera-j  pressure,  (1+a^) 760 
H.  


ture,  t. 


H 


Xumbers    ^         .  j  !  -.  r 

observed  ^o^^^'^^^i  ^^"^ 

and  cor-  '  magnetic  deTia- 

rections.     notations.;  tions. 


Feb.  6,  1880. 


17-5 


White  light. — 4th  image, 
millim.  , 

80S-1  1000  16-90 

i  .  Corr.  4'58 

!  Diff.  12-32 

Greex  light. — 4th  image. 


12-32 


Feb.  6,  1880.'    20-0 


815-8 


1000 


Corr. 


21-50^ 

1^      15-37 
DiflP.  15-37  J 


2-7 


2-6 


212 
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Sulphurous  Arid. — Tliis  gas  was  jirepared  by  the  volatiliza- 
tion of  liquefied  anhydrous  sulphurous  aciti,  for  whieh  I  am 
indebted  to  the  kindness  of  M.  Eaoul  I'ictet.  The  gas  thus 
obtained  was  perfectly  dry.  It  was  introduced  into  the  tube 
which  contained  dry  air. 

In  order  to  analyze  this  gas,  it  was,  on  issuing  from  the 
tube,  received  in  small  glass  tubes  which  were  hermetically 
closed ;  subsequently  one  of  the  ends  of  these  tubes  was  broken 
over  boiled  water  containing  potash,  and  the  gas  was  analyzed 
by  absorption.  By  exactly  gauging  the  volume  of  the  small 
tube  as  well  as  the  volume  of  the  gaseous  residuum  not  .ab- 
sorbed In-  the  potash,  it  was  ascertained  that  the  mixture 
enclosed  in  the  tube  contained  0*1'84  of  sulphurous  acid  and 
0*016  of  air.  AVith  this  gas  the  following  numbers  were 
obtained  : — 


Sulphurous  acid,  0-984  80^  + 0-016  Air. 


Series. 


Averaee    Arerage  Correction,  i    ,  ,  Corrected     Mean 

'/I  ,     ^v-en  ,  observed 

tempera-    pressure,  (l  +  a^)/ 60  ■,  mngnetic 

ture,  f.   '       H.       I        jj  1 "-: rotations 


rechons. 


deria- 
tions. 


July  24, 1880. 


II         I) 


White  light. — 4th  image  (9  passages). 


250 


37-5 


350 


390 


44-8 


millim, 
819-6 


854-3 


1012 


1-012 


32-12 
Corr.  4-:)S 

Diff.  27-54 

34-80 
Corr.  4-58 


847-2 


3rd  image, 
1-012 


lDiff.30-2:i: 


23-98 
Corr.  3-79: 


27-87 


30-58 


20-43 


Diff.  20-191 
Red  light. — 3rd  image. 


858-15 


1-012  22-14-) 

Corr_^9       ^^.^^ 

Diff.  18  95  J 


875-0 


2nd  image. 
1-012 


16-23  ■] 
Corr.  2-35       ,. 

i 

Diff.  13-88  J 


04 


2-3 


2-4 


23 


2-3 


1-9 
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Table  (^continued). 


Series. 


Average  Average 
tempera-  pressure, 
ture,  t.  H. 


Correction, 


H 


Numbers 
observed 
and  cor- 
rections. 


Corrected  Mean 
magnetic  devia- 
rotations.      tious. 


July  24, 1880. 


34-8 


35-0 


41-7 


Green  light.— 4tli  image. 

millim 

1012 


845-9 


3rd  image, 
847-2    I       1-012 


42-41 
Oorr.  6  13 


Diff.  36-28 


34-07 
Corr.  4-85 

Diff.  29-22 


Blue  light. — 1st  image. 


864-3 


1-012 


17-75 
Corr.  2-.58 

Diff.  15-17 


36-71 


29-51 


15-34 


2-1 


4-0 


1-6 


By  taking  into  account  the  0*016  of  air  in  the  gaseous  mix- 
ture, we  may  calculate  by  means  of  the  preceding  numbers 
the  rotations  that  we  should  have  with  the  gas  absolutely  pure. 
We  should  find  thus: — 

4th  white  image  29*90 

4th  green  image  37'19 

Olefiant  Gas. — A  preliminary  series  of  experiments  per- 
formed upon  a  mixture  of  0*72  of  olefiant  gas  and  0*27  of 
carbonic  acid,  proved  that  this  body  was  endowed  with  a  rela- 
tively great  magnetic  rotatory  power ;  and  we  took  extreme 
precautions  to  obtain  in  the  tube  gas  in  its  purest  possible 
condition.  More  than  300  litres  of  olefiant  gas  Avere  passed 
into  the  tube.  This  gas  was  prepared  by  the  action  of  sul- 
phuric acid  on  alcohol,  purified  from  ether  by  passing  through 
sulphuric  acid,  and  from  the  sulphurous  acid  (which  was  pro- 
duced in  rather  large  quantities)  by  passing  through  potash. 
By  remaining  in  the  gasometer  the  gas  became  completely 
freed  from  the  small  quantity  of  sulphurous  acid  which  might 
remain;  but  it  was  always  mixed  with  a  little  air. 

The  mixture  was  analyzed  by  passing  a  known  volume  of 
the  gas  into  a  small  graduated  tube  and  then  introducing 
chlorine,  bubble  by  bubble,  so  as  to  form  ethylene  chloride; 
the  excess  of  the  chlorine  was  subsequently  absorbed  by  potash. 
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In  this  analysis  account  must  be  taken  of  a  small  quantity 
of  air  that  may  be  introduced  by  the  chlorine,  as  well  as  of  tho 
air  which  is  evolved  from  the  liquid  by  absorbing  the  chlorine 
through  the  potash. 

From  careful  experiments  I  found,  before  commencing 
the  first  series  recorded  below,  that  the  gas  contained  0'04r4 
of  air.  In  the  interval  between  the  first  and  second  series, 
the  tube  being  very  hot,  a  little  gas  was  lost  by  the  closing  of 
the  glasses.  At  the  end  of  the  second  series  two  closely 
agreeing  analyses  gave  0"0G1  of  impurities.  It  may  be  assumed 
that  we  had  on  an  average  a  mixture  containing  0"95  of  olefiant 
gas  and  0*05  of  air. 

A  great  number  of  measurements  for  the  different  images 
and  colours  were  made  with  this  body,  because  the  rotations, 
relatively  great,  were  to  serve  as  verification  of  our  experi- 
mental method. 

A  direct  determination  made  with  the  yellow  light  of  soda 
gave,  for  the  first  image,  a  number  very  close  to  those  which 
would  be  deduced  from  the  rotation  obtained  with  the  fourth 
white  image.  There  is  no  use  in  giving  this  number,  because, 
on  account  of  the  feeble  intensity  of  the  light,  it  was  not  pos- 
sible to  ensure  the  same  precision  as  in  the  case  of  the  other 
measurements. 

We  subjoin  the  results  of  our  measurements  with  olefiant  gas. 

Olefiant  Gas,  0-95  CgH^  +  O-Oo  Air. 


Series. 


Average  [  Average  Correction,  i  ^  i^,   ,     j    Corrected 

terupera-i  pressure,  (I +rt;')760  i       ''^  magnetic 

''        ■"  ^^  ^H  I        .•  !  rotations. 

■'^  rections. 


ture,  t. 


H. 


Mean 
devia- 
tions. 


White  light. — 4th  image  (9  passages). 


Feb.  17,  1880. 

o 

193 

millini. 
8U4-5 

1-012 

35-23 
Corr.  4-58 

Diff.  30-65 

Feb.  20,  1880. 

23-0 

776-2 

1-061 

34-36 
Corr.  4-58 

Diff.  29-78 

3rd  image  (7  passages). 

>f        >i 

320 

797-9 

1064 

27-86 
Corr.  3-79 

Diff.  2407 

3roi 


31-56 


25-61 


5-0 


5-2 


2-3 
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Table  (cotitinuecl). 


Series. 


Average  '  Average 
tempera-  pressure, 
ture,  t.         H. 


Correction, 

(l+aQTtiO 

H 


Xumbers 
observed 
and  cor- 
rections. 


Corrected  Mean 
magnetic  |  devia- 
rotations.  i    tions. 


Feb.  20, 1880. 


320 


2nd  image  (7  passages), 
millira.  ! 


r97-9 


1-064 


20-49 
Corr.  2-86 


18-82 


Diff.  17-63  . 
1st  image  (3  passages). 

35-6     I    805-7  1-065     I         12-24:  "> 

i  Corr.  1-82  [ 

|DiflF.10-42  J 

Yellow  light  (yellow  glass). — 4th  image. 
35-23  ~1 

30-65  J 


11-10 


29-7 


32-0 


783-2 


1-075      I         35-23 
Corr 


85 


3rd  image. 


787-6 


1-078     I         28-30 
Corr.  3 


-30") 

Diff.  24-51  J 
Yellow  light  (yellow  glass). — 2nd  image. 


26-42 


)»         »» 


34-0 


36-0 


787-8 


795-2 


1080      I         18-53 
!  Corr.  2-80 


1st  image. 
1082 


Diff.  15-73 


10-74 


16-99 


Corr.  1 


-74-] 

•8-n 

iff.  8-92iJ 


9-65 


Red  light  (red  glass  No.  2). — 3rd  image. 


Feb.  17,1880.1     35-0 


Feb.  20,  1880.:    39-5 


847-6 


801-7 


1-012      ■         24-78 
Corr.  3 


1-085 


■78  ^ 

•19  I  21 


85 


Diff.  21-59^ 

23-53 
Corr.  3-19, 


39-5 


801-7 


2nd  image. 
1085 


Diff.  20-34! 


15-53!" 
Corr.  2-35. 

Diff.  1318 


22-07 


14-30 


0-9 


0-9 


5-3 


3-3 


1-7 


3-3 


4-6 


1-4 
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Table  {contimied). 


Average 

Average 

Correction, 

Numbers 
observed 
and  cor- 
rections. 

Corrected 

Mean 

Series. 

tempera- 

pressure, 

{i+at)-,m 

magnetic 

devia- 

ture, i. 

H. 

H 

rotations. 

tions. 

Ist  image. 

o 

millim. 

,      1 

Feb.  20, 1880 

39-5 

801-7 

1-085 

0-8«  1 

Corr.  1-51 

t     9-08 

1-8 

Diff.  837 

1st  image  (red  glass  No.  1,  deeper  red). 

»»             n 

39-5 

801-7 

1-085 

9-30 
Corr.  1-50 

DiiF.   7-80 

[    8-46 

0-9 

Green  light. — 4th  image. 

Feb.  17,  1880. 

24-4 

819-2 

1012 

44-72n 
Corr.  613j  J  39.^5 

Diff.38-59|J 

7-5 

3rd  image. 

)»        » 

32-2 

839-5 

1-012 

3412!  1 

Corr.  4-85 

2962 

4-5 

DiflF.  29-27 

2nd  image. 

Feb.  20,  1880. 

41-4 

803-7 

1089 

24-61 

>■  23-02 

Corr.  3-47 

2-9 

Diflf.  21-14 

1st  image. 

,»        »» 

405 

8008 

1-090 

12-991  1 

Corr.  2-22 

11-73 

1-5 

Diff.  10-77 

Blue  light. — 2nd  image. 

Feb.  17,  1880.      40-9 

849-5          1-012              25-64  1 

5-3 

40-9 

849-5          1012               25-53  / 
Correction  of 
the  glasses 
uncertain. 

1st  image. 

5-4 

Feb.  20,  1880. 

42-3 

7934 

1100               1.5-14" 

Corr.  2-08  [  jg.g^ 

Diff.r2-56'J 

1-5 
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The  slight  correction  due  to  the  presence  of  0-05  of  air  can 
be  calculated  with  great  precision.  For  example,  we  have  for 
the  fourth  image — 

4th  image. 

, -^ . 

White.  Green. 

Mixture 31-28  39-05 

0-05  of  air 0^  0-38 

Difference  =  0-95  olefiant  gas  30-96  38-67 

Pure  olefiant  aas  32-59  40-70 


Discussion  of  the  Results  obtained. 

I.    Verifications  of  the  Method  of  Observation. 

The  principle  of  the  method  employed  by  me  in  this  work 
consisted,  as  we  have  seen  above,  in  amplifying  the  pheno- 
menon by  causing  the  luminous  rays  to  pass  several  times 
through  the  tube  full  of  gas.  It  is  evident  that  the  numbers 
obtained  for  each  reflected  image  must  be  proportionate  to  the 
number  of  passages  made  by  the  luminous  rays  through  the 
apparatus.  These  numbers  should  therefore  mutually  test 
each  other;  and  by  dividing  them  by  3,  5,  7,  and  9  we  ought 
to  obtain  numbers  which  would  represent  the  magnetic  rota- 
tion corresponding  to  a  single  passage  through  the  tube. 
With  the  same  luminous  source  and  the  same  coloured  screen 
these  numbers  should  be  constant;  but  we  have  seen  above 
that  the  composition  of  the  light  which  reaches  the  eye  in 
order  to  form  the  different  images  varies  with  them;  we 
ought,  then,  to  find  numbers  regularly  varying  with  the  order 
of  the  images. 

Strictly  speaking,  all  the  measurements  ought  to  be  effected 
at  the  distance  which  separates  the  mirrors;  and  when  any 
other  gas  than  air  is  in  question,  the  column  studied  has  not 
exactly  ihe  same  length  as  the  distance  from  the  mirrors.  But 
we  have  seen  that,  in  the  interval  of  0-06  metre  which  sepa- 
rates the  end  of  the  tube  from  the  mirrors,  the  magnetic  in- 
tensity is  very  feeble  ;  and  the  effect  due  to  this  slight  differ- 
ence in  length  must  be  regarded  as  absolutely  unimportant, 
so  that  the  verifying  calculations  can  be  applied  even  when 
the  tube  is  full  of  any  gas  whatever.  The  slight  differences 
between  numbers  which,  for  the  same  gas,  correspond  to  a 
single  passage  of  a  pencil  of  rays  of  the  same  colour,  are  partly 
due  to  variations  in  the  colour  of  the  images,  rather  than  to 
errors  in  the  measurements. 
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Almost  the  same  results  are  obtained  as  with  the  glasses 
placed  inside  the  first  coil,  especially  with  the  white  light. 
For  example,  if  the  rotations  are  compared  with  that  which  is 
deduced  from  the  fourth  image,  wo  shall  find  that  the  rota- 
tions for  a  single  passage  of  the  white  light  are  expressed  by 
the  following  numbers  : — 

^  4th  3rd 

image.  imaire. 

defiant  gas      .     .     1  r054 

St.-Gobain  glass   .     1  1-046 

We  see,  then,  that  the  divergences  obtained  between  num- 
bers which  should  bo  constant  are  partly  due  to  the  same  cause 
— that  is,  to  the  diti'ereuce  in  the  colour  of  the  various  images. 

If  this  is  the  case,  the  successive  images  with  the  white 
light  ought  to  become  more  and  more  yellow,  and  the  rota- 
tions should  diminish  from  the  first  to  the  fourth.  For  the 
green  light,  on  the  contrary,  the  first  image  ought  to  be  more 
yellow  than  the  others,  and  the  corresponding  rotation  more 
feeble.  We  find,  in  point  of  fact,  that  this  deduction  is  con- 
firmed by  experiment.  The  absorption  of  the  luminous  rays 
by  the  coloured  screens  renders  observations  on  the  third  and 
fourth  images  very  difficult.  It  is  necessary  to  increase  the 
pressure  of  the  oxygen  from  the  blowpipe :  the  temperature 
of  the  line  rises ;  but  as  the  brilliancy  increases  it  becomes 
more  and  more  variable  for  very  slight  differences  in  tempe- 
rature. 

The  want  of  regularity  in  the  value  of  numbers  deduced 
from  the  different  images  apprises  us  of  these  variations  ; 
nevertheless  by  taking  the  average  of  the  numbers  obtained, 
we  see  that  we  have  results  comparable  with  those  deduced 
from  observations  made  for  the  same  colours  with  the  carbon 
bisulphide. 

II.  Dispersion  of  the  Planes  of  Polarization  of  Luminous  Rays 
liaviug  different  Wave-lengths. 

The  study  of  the  phenomena  of  magnetic  rotatory  polariza- 
tion in  bodies  comprises  two  parts: — 

1st.  The  relative  measurements  of  the  rotations  of  the  planes 
of  luminous  rays  having  different  wave-lengths  and  traversing 
the  same  substance. 

2nd.  The  comparison  of  the  magnetic  rotatory  powers  of 
various  bodies  for  rays  having  the  same  wave-length. 

I  have  demonstrated  in  the  course  of  this  memoir  that  the 
want  of  homogeneity  in  the  luminous  source  compelled  me  to 
begin  with  the  first  of  these  studies — that  is  to  say,  to  deter- 
mine the  relation  of  the  rotations  of  the  planes  of  polarization 
of  rays  of  different  colours. 
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It  has  been  shown  that  the  luminous  rays  studied  had  not 
in  each  case  the  same  wave-length,  but  that  their  average 
wave-length  could  be  deduced  from  the  magnetic  rotation  of 
the  carbon  bisulphide. 

As  the  phenomenon  has  been  exhaustively  studied  with 
regard  to  liquid  bodies,  such  as  carbon  bisulphide,  we  can 
limit  ourselves  to  comparing  the  relations  of  the  magnetic 
rotations  for  the  same  colours  with  this  body  and  with  the 
different  gases  studied.  The  St.-Gobain  glass,  which  has 
been  made  the  object  of  special  determinations  in  this  memoir, 
can  also  serve  for  comparison. 

By  taking  the  average  of  the  results  obtained  with  each  of 
the  coloured  screens  employed,  the  results  indicated  in  the 
following  table  were  obtained;  the  unit  to  which  the  rotations 
for  each  substance  were  referred  was  the  rotation  obtained 
with  the  yellow  light  D,  or  the  rotation  deduced  from  the 
fourth  white  image. 

Dispersion  of  the  Planes  of  Polarization  of  Rays  of  different 
Wave-lengths. 


Bodies. 


Magnetic  rotations. 


Red. 


TeUowDJ 
|4th  white    WMte. 
image. 


Carbon  bisulphide  (liquid)     0836 

St.-Gobain  glass  0845 

J_ 

X^  

Oxygen  

Atmospheric  air   

Nitrogen    

Carbonic  acid   ;     

Nitrous  oxide    \     

Sulphurous  acid  '     0"85.3 

Olefiantgas  0-849 


0-850 


0-860 


1-000 
1-000 

1-000 


1-000 
1000 
1000 
1-000 
1-000 
1000 


1-066 
1-055 

1-060 


1-066 


Green.    ;    Blue. 


1-290 
1-290 

1-250 


1-480 
1-51 

1-390 


1-250        1-39 

1-246 
1-197    ! 
1-256    ' 
1-235 


1-33 


"We  see,  first  of  all,  that  the  statements  of  the  rofcitions  for  two 
self-colours  are  nearly  the  same  for  liqui(}s,  gases,  and  solids. 
Oxygen,  to  which  we  shall  return  later,  must  be  excepted. 
If  the  numbers  contained  in  the  summary  (pp.  422  423)  be 
compared  with  those  which  were  obtained  by  the  glasses  of 
the  tube,  it  will  be  found  that  the  numbers'  relative  to  the 
glasses  of  the  tube  are  very  nearly  ten  times  those  obtained 
for  the  air,  and  that  in  the  two  tables  the  same  figures  are 
sometimes  reproduced  for  the  same  colours.  I  would  ao-ain 
refer  to  the  comparison  made  between  the  numbers  obtained 
with  the  different  white  images. 

These  considerations  enable  us  to  see  that  the  precision  of 
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the  measuromonts  can  be  carried  very  far,  since  it  enables 
the  variations  in  coloration  of  the  successive  images  to  be 
followed  with  gases  as  well  as  with  a  mass  of  glass.  The 
average  wave-length  of  the  luminous  pencil  can  then  be  ap- 
proximately determined  in  each  case  and  compared  with  the 
rotations  obtained.  The  most  simple  means  consists  in  making 
a  graphical  representation. 

If  the  numbers  inversely  proportional  to  the  squares  of  the 
wave-lengths  distinguishing  each  image  be  taken  as  the 
abscissa?,  and  the  magnetic  rotations  observed  for  the  ordi- 
nates,  we  see  that  the  typical  points  of  the  determinations 
relative  to  the  same  substance  approach  very  closely  to  a  right 
angle  passing  by  the  origin  of  the  coordinates,  which  proves 
that  the  rotations  are  very  nearly  in  the  inverse  ratio  of  the 
square  of  the  wave-lengths,  as  may  be  verified  by  reference 
to  the  preceding  table. 

The  numbers  produced  by  the  different  images  with  different 
colours  may  each  serve  for  the  determination  of  an  average 
right  angle  which,  within  the  limits  of  the  observations,  repre- 
sents the  phenomenon  with  sufficient  precision. 

Briefly  summarizing,  we  see  that,  for  five  of  the  gases 
studied,  the  magnetic  rotation  of  the  planes  of  polarization  of 
luminous  rays  having  different  wave-lengths  is  very  nearly  in 
the  inverse  ratio  of  the  squares  of  the  wave-lengths  of  these 
rays.  The  slight  value  of  the  rotations  observed  did  not 
allow  me  to  ascertain  whether  these  gases,  like  solids  and 
liquids,  diverge  a  little  from  this  simple  law  in  proportion  as 
the  rays  become  more  refrangible. 

The  nitrous  oxide  gives  a  rather  less  deviation  than  the 
other  gases.  We  may  remark  that,  in  order  to  make  the 
numbers  agree  with  those  given  by  the  other  bodies,  it  would 
suffice  to  multiply  the  results  b}'  1*05 ;  and  as  this  ratio  1"05 
is  exactly  the  ratio  of  the  rays  of  white  light  to  the  rays  of 
yellow  light,  we  may  conclude  that  the  inequality  is  due  to 
an  increase  of  brilliancy  in  the  luminous  source  at  the  moment 
of  the  experiment  with  the  Avhite  light.  This  explanation 
appeai'ed  to  me  to  be  admissible  ;  but  if  such  were  not  the 
cause  of  the  divergence  observed,  we  may  associate  this  fact 
w  ith  that  presented  by  oxygen,  and  which  I  will  now  discuss. 

Oxygen  showed  a  remarkable  anomaly.  Previously,  while 
studying  the  magnetic  rotatory  powers  of  various  bodies  with 
the  yellow  light,  I  had  discovered  that  the  presence  of  oxygen 
in  a  combination  tended  to  diminish  the  rotatory  power  of  the 
compound.  I  now  find  that  gaseous  oxygen  has  a  feeble  posi- 
tive magnetic  rotatory  power,  and  that,  in  addition,  it  does  not 
disperse  the  planes  of  })olarization  of  rays  of  different  colours 
as  the  other  cases  do.     The  numbers  which  relate  to  this  body 
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are  very  small,  and  the  precision  of  the  observations  is  much 
less  than  for  the  other  gases.  It  is  noticeable  that  this  want 
of  precision  was  characteristic  of  the  experiments  made  with 
oxygen — although  I  always  took  the  measurements  with  the 
same  care,  and  although  I  studied  this  gas.  several  times  at 
diflFerent  periods  during  our  series  of  experiments.  If  the 
numbers  found  directly  for  the  various  colours  be  not  cor- 
rected by  the  rotation  of  the  glasses,  it  will  be  seen  that  they 
are  very  nearly  equal  to  each  other.  In  order  to  prove  this 
fact,  I  took  the  precaution  of  making  a  largenumber  of  series, 
operating  alternately  with  red  and  green  rays;  and  I  always 
found  that  the  rotations  were  essentially  the  same. 

Now,  as  the  magnetic  rotation  due  to  the  glasses  is  greater 
for  the  green  rays  than  for  the  red  rays,  we  should  conclude 
from  this  that  the  oxygen  would  deflect  the  plane  of  polariza- 
tion of  the  green  rays  less  than  that  of  the  red  rays,  in  oppo- 
sition to  the  other  gases  studied  up  to  this  time.  This  body 
presents,  then,  a  most  curious  exception;  and  it  would  be  very 
important  to  establish  this  fact  irrefragably.  The  numbers 
that  I  obtained  do  not  as  yet  allow  of  it;  but  I  anticipate  soon 
being  able  to  complete  the  first  experiments  required  to  do  so. 

However,  it  is  easy  to  see  that  oxygen,  if  it  does  not  pre- 
sent an  inverse  magnetic  rotatory  dispersion,  would  have  at 
least  a  dispersion  which  is  very  nearly  nil.  The  present  ex- 
periments do  not  allow  us  to  decide  whether  the  rotations 
slightly  augment  or  decrease  with  the  refrangibility. 

It  is  not  uninteresting  to  consider  the  exceptional  pheno- 
menon of  the  magnetic  properties  of  oxygen. 

I  have  shown  in  previous  researches  that  very  magnetic 
bodies  endowed  with  a  negative  magnetic  rotatory  power  dis- 
perse the  j^lanes  of  polarization  of  light  according  to  a  differ- 
ent law  from  that  which  governs  positive  rotations.  The 
ratios  of  the  negative  rotations  are  obviously  the  squares  of  the 
ratios  which  correspond  to  the  positive  magnetic  rotations  for 
the  same  luminous  rays. 

Now,  it  is  extremely  interesting  to  remark  that  the  excep- 
tion relative  to  oxygen  coincides  with  the  special  magnetic 
properties  of  this  gas.  At  present  we  cannot  demonstrate 
that  the  coincidence  which  the  two  phenomena  appear  to  show 
connects  them  one  with  the  other.  By  referring  to  my  former 
researches,  it  will  be  seen  that  it  is  possible  to  conceive  the 
existence  of  a  mixture  of  two  substances,  the  one  magnetic 
and  the  other  diamagnetic,  which  would  give  rise  to  the  same 
phenomenon  as  oxygen.  This,  however,  is  pure  hj^othesis ; 
but  it  is  interesting  to  consider  it,  especially  when"  it  relates 
to  a  body  so  singular  as  oxygen,  which,  on  the  one  hand,  is 
endowed  with  exceptional  magnetic  properties,  and,  on  the 
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other,  gives  rise  to  the  very  peculiar  modification  known  as 
ozone.  However,  I  propose  to  investigate  more  fully  the 
cause  of  the  anomaly  just  noticed. 

III.  Magnetic  Rotations  of  Gases  compared  icith  Carbon  Bisul- 
phide/or the  Yellow  Rags  of  Soda. 
The  relation  above  established  between  the  magnetic  rota- 
tions of  the  planes  of  polarization  of  rays  of  different  colours 
and  the  wave-length  of  the  corresponding  light,  enables  us  to 
determine  the  magnetic  rotation  relative  to  the  vellow  lioht  of 
soda  which  corresponds  to  the  rays  D  in  the  solar  spectrum. 
In  order  to  effect  this  determination,  use  may  be  made  of  all 
the  numbers  obtained  for  the  different  colours,  either  by  means 
of  graphical  representation,  or  by  dividing  each  of  them  by  the 
inverse  ratio  of  the  squares  of  the  wave-lengths.  In  this  way 
the  following  results  have  been  obtained  for  the  different  gases 
(oxygen,  which  has  already  been  considered,  is  excluded  from 
the  following  table): — 

Rotations  for  the  Yellow  Light  D,  deduced  from  Observations 

with  Rays  of  different  Colours. 

Atmospheric  Air. 

r^  1  i.,1  Numbers  ,r  Mean 

Colour  of  the  rays.         obtained.  ^^^°-  deviation. 

Red  rays    6-73'^ 

Yellow  rays  0*72  f  a-toa  i 

White     „      0-70  r         ^™  ^ 

Green     „       0-72J 

Kitrogen. 

White  rays    0-729 

Carbonic  Acid. 

Kitroxis  Oxide. 

White  ravs    1'82  )  ^  -r>  , 

1-74/  ^  '^  ^' 


Green     „      1-74/  "  ^<5 

Sulphurous  Acid. 

Red  rays        3-802) 

Yellow' ravs  3-288  V       3-300  ^^^ 

Green      ,',     3-30nj 

defiant  Gas. 

Red  rays        3-62(5) 

Yellow  rays  3-621  f 

White      „     3-636  r        ^'^'^^  360 

Green      „     3-616  J 
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These  numbers  correspond  to  a  single  passage  of  the  himi- 
nous  rays  through  the  tube  ;  we  see  with  what  precision  they 
mutually  test  each  other.  By  dividing  these  numbers  by  the 
rotation  obtained  for  carbon  bisulphide  under  the  same  condi- 
tions, and  which  was  found  to  be  equal  to  4520',  the  following 
table  is  obtained:  — 

Magnetic  Rotations  of  Gases  compared  with  liquid  Carbon 
Bisulphide  (yellow  light  D). 


Gas. 

Rotation  for  one 
passage. 

Rotations  com- 
pared with  carbon 
bisulphide. 

Oxvgen 

0-663 
0-720 
0-729 
1-365 
1-7S0 
3300 
3-625 

0-000146 
0000159 
0000161 
0000302 
0-000393 
0000730 
0-000802 

Air     

Nitrogen    

Carbonic  acid     

Nitrous  oxide    

defiant  gas  

In  the  course  of  the  experiments  an  occasion  offered  of  veri- 
fying the  preceding  numbers. 

We  have  seen  how  the  determination  of  the  magnetic  rota- 
tion of  the  glasses  in  the  tube  inside  the  first  coil  was  effected. 
This  rotation  may  be  compared  with  that  of  the  gases.  Now 
it  happens  that  for  air  the  comparison  is  immediate  ;  the  rota- 
tion of  the  glasses  (say  1  centim.  of  crown  glass)  is  equal 
to  ten  times  the  rotation  of  3  metres  of  air  (say  to  3000  cen- 
tim. of  air  submitted  to  the  same  magnetic  influence).  The 
relation  of  the  rotations  is  then 


3000 


=  0-00033. 


Now  in  my  former  researches  I  found  that  the  magnetic  rota- 
tory power  of  crown  glass  for  the  yellow  light  was  0"48  of 
that  of  carbon  bisulphide.  By  adopting  this  number,  which 
is  independent  of  our  present  experiments,  we  should  find  for 
the  rotatory  power  of  air  0'000158*. 

*  Since  the  time  -when  I  began  these  researches,  MM.  Kundt  and 
Rijutgen  have  pubhshed  numbers  relative  to  several  gases.  The  only- 
ones  common  to  our  researches  are  oxygen  and  air.  The  numbers 
given  by  these  authors  in  their  first  memoir  (Wiedemann's  Annalen, 
t.  viii.  p.  278)  are  too  large,  because  they  have  compared  the  rotations 
obtained  directly  with  -white  light  for  gases,  and  with  yellow  light  D  for 
carbon  bisulphide.  For  oxygen  the  number  that  I  find  is  identical  with 
that  which  they  have  given  for  high  pressures.  The  agreement  is,  no 
doubt,  owing  to  the  fact  that  oxygen  has  no  sensible  rotatory  dispersion, 
and  that  the  errors  which  they  committed  respecting  the  refrangibiJity  of 
light  became  then  unnoticed.     In  a  second  memoir  the  same  authors  Have 
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IV.  Relation  between  the  Magnetic  Rotatory  Powers  of  Gases 
and  their  Indices  of  Refraction. 

I  have  demonstrated  that  a  remarkable  relation  exists  be- 
tween the  rotations  of  the  planes  of  polarization  of  lifrlit  tra- 
versing non-magnetic  solid  and  liquid  bodies  and  the  indices 
of  refraction  of  these  bodies  for  the  same  luminous  rays.  It 
was  of  the  greatest  importance  to  prove  whether  such  a  relation 
still  existed  in  the  gaseous  state;  and  I  took  the  oj)[)ortunity  of 
saying  at  the  beginning  of  this  memoir,  that  I  was  guided  by 
these  considerations  in  the  construction  of  the  apparatus  em- 
ployed in  the  researches.  The  experiments  just  described 
have  justified  my  expectations. 

When  the  magnetic  rotations  obtained  for  the  different 
gases  are  compared  with  the  indices  of  refraction  of  the  latter 
for  the  yellow  light  of  soda,  it  is  seen  that  the  rotations  increase 
regularly  with  the  indices  of  refraction.  In  the  table  which 
follows,  I  have  placed  opposite  to  the  magnetic  rotations  of 
the  gases  their  indices  of  refraction: — 

Magnetic  Rotations  of  Gases  compared  with  liquid  Carbon 
Bisulphide. 


Gas. 

1. 

Magnetic 

rotatory 

powers, 

R. 

2. 

Magnetic 
rotations. 

3. 

Indices  of 

refraction, 

11. 

4. 

{n-iy. 

5. 
R 

7i\n'-\y 

Oxygen  

Air 

Nitrogen    

0-000146     0-918 
0000159     1-000 
0000161      1-012 

1-00)2706 

(Mascart) 

10002936 

(Mascart) 

1-0002977 

(Mascart) 

l-0<X)4.i44 

(Mascart) 

1-0005159 

(Mascart) 

1-00066.50 

(Dulong) 

1-0006780 

(Dulong) 

0-850 
1-000 
1-027 
2-393 
3-086 
5-130 
5-327 

0-269 
0-277 
0-274 
0332 
0-381 
0-548 
0-590 

Carbonic  acid    . . . 
Nitrous  oxide    ... 
Sulphurous  acid... 
OleiSant  gas  

0-000302 
0-000393 
0-000730 
0-000802 

1-900 
2-471 
4-591 
5044 

In  order  to  make  a  comparison  between  the  numbers  in  the 

given  smaller  numbers  than  those  previously  published  ;  and  the  results  at 
-which  they  arrived  do  not  ajTree  any  better  with  mine.  The  number  that 
they  attribute  to  air  (0-000127)  is  identical  with  that  which  I  had  pre- 
viously published  in  a  work  on  atmospheric  polarization  (Annales  de 
Chimie  et  de  P/ii/sique,  t.  xix.).  I  observed  at  the  time  that  this  num- 
ber only  approximated  withm  two  or  three  tenths  of  its  value ;  it  results 
from  tlie  present  memoh-  that  it  was  too  little  by  000003. 
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first  column  and  those  in  the  third,  we  may  construct  a  curve 
bj  taking  the  indices  as  the  abscissae  and  the  rotations  as  the 
ordinates  :  in  this  way  a  curve  of  great  regularity  is  obtained, 
whose  form  recalls  that  which  we  obtained  under  analogous 
conditions  with  liquid  and  solid  bodies  (fig.  5). 

By  seeking  a  simple  function  of  the  index,  which  varies 
proportionately  to  the  rotations  observed,  we  easily  see  that 
the  ratios  of  the  function  {n  —  1)^,  n  being  the  index  of  re- 
fraction, follow  very  nearly  those  of  the  magnetic  rotations. 
These  appear  in  columns  2  and  4  of  the  preceding  table. 
However,  it  does  not  seem  that  this  formula  is  the  complete 
expression  of  the  relation  between  the  magnetic  rotatory 
powers  of  bodies  and  their  indices  of  refraction.  We  had 
already  observed  that  it  did  not  sutfice  for  the  various  peculia- 
rities of  the  phenomenon  in  solids  and  liquids ;  and  it  is  easy 
to  see  that  it  does  not  account  for  the  relation  of  the  magnetic 
rotatory  powers  of  bodies  in  the  liquid  and  gaseous  conditions. 

In  my  previous  researches,  I  had  been  led  to  adopt  the  ex- 
pression ?i-(n^  — 1)  as  approximately  representing  the  state- 
ments of  the  magnetic  rotatory  powers  of  the  various  solid  and 
liquid  bodies  that  had  been  studied.  I  had  discovered  that 
the  relation  of  the  magnetic  rotation  H  to  the  function 
r6^(n^  — 1)  A'aried  very  little  when  compared  with  the  great 
variations  of  the  magnetic  rotations  of  one  body  and  another. 

The  unit  adopted  was  the  magnetic  rotation  of  liquid  carbon 

bisulphide ;  and  the  values  of  the  expression  ._,  ^ — —  (gene- 
rally about  0*25)  varied  between  0*10  and  0-50*.  These 
values  are  indicated  in  column  5  of  the  preceding  table.  The 
numbers  obtained  are  the  same  as  for  various  solid  and  liquid 
bodies.  Thus,  although  the  magnetic  rotations  are  10,000 
times  smaller  than  in  liquid  bodies,  the  variations  in  the  func- 
tion n-(?i-  — 1)  are  always  of  the  same  relative  order  of  size 
as  those  of  the  magnetic  rotations. 

It  ought,  however,  to  be  observed  that  the  numbers  in  the 
fifth  column  of  the  preceding  table  increase  regularly  with  the 
indices  of  refraction,  which  tends  to  prove  that  the  formula 
ii^ijT?  —  1)  is  only  an  approximate  expression  of  the  pheno- 
menon, Avhich  answers  sufficiently  well  for  the  properties  of 
non-magnetic  solid  and  liquid  bodies,  but  which  might  diverge 
from  experiment  when  the  values  of  the  index  of  refraction 
became  very  small,  as  in  the  case  of  gases. 

The  variations  of  the  expression  —y—2 — rr  with  gases   do 

*  See  the  researclies  quoted  above. 
2K2 
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not,  however,  exceed  the  limits  of  those  which  are  presented  hy 
solid  and  liquid  bodies  ;  and  this  study  must  be  extended  to  a 
much  greater  number  of  gases  before  we  are  able  to  decide 
whether  these  variations  are  not  simply  characteristics  of  the 
physical  and  chemical  constitution  of  gases,  as  we  have  dis- 
covered in  regard  to  other  substances. 

Some  interesting  remarks  may  be  made  on  this  subject. 
The  numbers  given  above  enable  us  to  compare  the  magnetic 
rotatory  powers  of  gaseous  sulj)hurous  acid  with  that  which 
it  possesses  in  a  liquid  state.  M.  de  la  Rive  found  for  liquid 
sulphurous  acid  a  magnetic  rotatory  power  variable  with  the 
temperatui-e,  and  which  at  about  12°  is  nearly  0*382.  But 
the  index  of  refraction  of  this  body  has  not  been  accurately 
measured.  Faraday  merely  says  that  the  index  is  the  same 
as  that  of  water  ;  on  this  hypothesis  we  should  find  that  the 

ratio     .w  ., — ,,  is  0*277 — that  is  to  say,  exactly  the  half  of 
n\n^  —  \)  -" 

the  number  found  with  the  gaseous  body.     Is  this  statement 

a  mere  conjecture,  or  is  it  the  expression  of  a  more  general 

fact  ?  * 

An  analogous  result  is  observed  on   comparing  with  the 

number  obtained  for  oxygen  the  numbers  given  by  certain 

highly  oxygenated  liquids,  such  as  nitric  and  sulphuric  acids, 

&c.       ■>,  ■■ — —  is  about  0*11  for  these  bodies,  while  it  is  0*27 
n-{n  —1) 

with  gaseous  oxygen.  Finally,  we  may  connect  with  these 
facts  an  observation  relative  to  various  salts  (chloride  of  so- 
dium and  chloride  of  potassium)  endowed  with  a  positive 
rotatory  power.  Their  magnetic  rotatory  power  is  less  in  a 
crystalline  condition  than  in  solution. 

These  various  remarks  would  then  tend  to  show  that  the 
positive  rotatory  power  of  a  body  is  so  much  the  greater  in 
relation  to  its  index  of  refraction  as  the  particles  of  the  bodies 
are  further  apart,  and  that  it  increases  on  passing  from  a  liquid 
to  a  gaseous  state. 

This  question  requires  a  special  study,  which  could  not  form 
part  of  the  present  work,  but  to  which  I  intend  to  return  at 
some  future  time.  If  we  are  not  absolutely  authorized  to 
assert  that  the  function  n^{n-—l)  plays  the  same  role  for  the 
magnetic  rotations  of  gases  as  for  other  substances,  this  re- 

•  In  a  recent  article  (Journal  de  Physique,  August  1880)  M.  E.  Bichat 
has  studied  sulphurous  acid,  both  liquid  and  gaseous.  He  found  for  the 
magnetic  rotation  of  the  liquid  a  number  very  near  to  that  of  M.  de  la 
Rive ;  for  the  index  of  refraction  of  the  same  body  he  gives  the  number 
1-^4;  but  the  magnetic  rotatory  power  that  he  attributes  to  the  gas  dii- 
fers  very  much  from  that  deduced  from  my  experiments. 
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markable  fact  is  nevertheless  established, — that  the  magnetic 
rotatory  powers  of  bodies  are  closely  connected  with  their 
index  of  refraction  n,  and  that  the  variations  of  the  function 
n''(?t-  — 1)  are  of  the  same  order  and  magnitude  as  those  of  the 
magnetic  rotations  of  bodies  in  the  solid,  liquid,  and  gaseous 
conditions. 

In  concluding  this  memoir,  I  think  it  necessarv  to  lay  stress 

on  the  theoretical  interpretation   of  the   formula  — ^^ — ^ — -, 

A 

which,  according  to  these  researches,  seems  to  intervene  in 

the  expression  of  the  magnetic  rotatory  power  of  bodies.     It 

?i^  — 1 
can  be  written  g- ;  under  this  form  the  denominator  repre- 


sents  the  wave-length  of  the  luminous  vibratory  movement 
inside  the  body  studied.  The  rotation  of  the  plane  of  polari- 
zation of  the  light  would  be  therefore  in  the  inverse  ratio  of 
the  square  of  this  wave-length,  and  would  be  proportionate  to 
the  expression  ;r  — 1,  which,  according  to  the  theoretical  views 
of  Fresnel  and  the  experiments  of  M.  Fizeau,  measures  the 
partial  influence  of  the  undulatory  movement  of  a  body  on  the 
luminous  waves. 

It  is  interesting  to  note  that  experiment  leads  to  this  same 
expression  to  measure  the  action  of  magnetism  on  the  propa- 
gation of  luminous  vibrations  through  bodies,  thus  establishing 
a  new  relation  between  a  mechanical  etfect  and  the  effects  of 
electromagnetic  influence.  Perhaps  this  influence  of  lumi- 
nous waves  on  the  vibratory  movement  so  well  studied  is  of  a 
kind  to  inform  us  as  to  the  mode  of  motion  which  manifests 
itself  to  us  under  the  form  of  electricity  and  magnetism. 

CONCLUSIOX. 

The  results  established  in  this  memoir  are  as  follows: — 

1st.  Bodies  in  a  gaseous  condition  possess,  like  solid  and 
liquid  substances,  the  property  of  deflecting  the  plane  of  po- 
larization of  luminous  rays  passing  through  them  when  they 
are  submitted  to  the  influence  of  magnetism. 

2nd.  The  magnetic  rotations  of  the  planes  of  polarization 
of  rays  of  different  wave-lengths  traversing  the  same  gas 
(oxygen  excepted)  are  generally  very  nearly  in  the  inverse 
ratio  of  the  squares  of  the  wave-lengths  of  the  luminous  rays 
considered. 

3rd.  The  magnetic  rotatory  powers  of  gases  can  be  compared 
with  that  of  liquid  carbon  bisulphide,  and  consequently  with 
those  of  other  solid  and  liquid  bodies. 
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Wo  have  discovered  in  gaseous  bodies,  as  it  had  been  for- 
merl}'  observed  for  other  substances,  a  remarkable  relation 
between  the  indices  of  refraction  and  the  magnetic  rotatory 
power  of  rays  having  the  same  wave-length. 

4th.  Finally,  oxygen  ])resents  an  anomaly  which  seems 
connected  with  the  exceptional  magnetic  properties  of  this  gas. 

LII.   On  the  Beats  of  Mistimed  Consonances. 
To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 

Gentlemen, 

IN  your  November  number,  in  a  paper  by  Professor  S.  P. 
Tliompson  on  Binaural  Audition,  there  occur  some  refer- 
ences to  my  recent  work.  While  it  is  gratifying  that  the 
work  should  have  attracted  Prof.  Thomjison's  attention,  it  is 
rather  disheartening  to  find  that  he  has  failed  for  the  most 
part  to  grasp  its  jturport.  I  am  obliged  to  him  for  his  remarks, 
as,  if  he  has  failed  to  understand  it,  I  dare  say  a  good  many 
other  people  will  have  done  the  same  ;  and  it  affords  me  the 
op})ortunity  of  putting  two  or  three  points  in  a  clear  light.  I 
■will  take  the  passages  I  have  to  observe  upon  in  order. 

Page  352.  Halfway  down,  the  word  subjective  is  underlined 
and  a  note  apjiended.  In  the  note  there  is  first  an  objection 
to  my  use  of  the  word.  J  have  never  believed  much  in  the 
advancement  of  clearness  by  the  employment  of  words  very 
strictly  defined.  In  speaking  of  any  particular  mattei",  it 
seems  to  me  generally  necessary  and  sufficient  to  give  such 
descriptions  as  shall  leave  no  doubt  of  the  meaning.  This  I 
have  amply  done.  Over  and  over  again  I  have  described  the 
subjective  phenomena  as  being  siach  as  originate  within  the 
ear  itself.  Whether  this  is  the  strictly  philosophical  sense  is 
to  me  immaterial.  I  took  the  use  of  the  word  from  Helmholtz 
(Ellis's  '  Helmholtz,'  p.  234,  foot  of  page  ;  4th  German  edi- 
tion, p.  259,  top  of  page).  I  think  it  is  there  used  in  the 
sense  in  which  I  use  it*.  I  may  put  the  matter  otherwise 
thus: — In  a  binary  combination  asinA  +  Z'sinB  I  find  the 
term  lower  in  jtitch  (c  sin  A)  subject  to  a  variation  of  the  co- 
efficient o.  Does  this  variation  arise  before  or  after  the  arrival 
of  the  combination  at  the  gates  of  the  ear?  If  before,  I  call 
the  variation  objective.;  if  after,  subjective.  I  will  not  repeat 
the  argument  from  resonators  ;  it  is  sufficiently  stated  in  my 
j)aper. 

I'rof.  Thompson  then  makes  an  objection  which  precisely 

•  Viz.  as  opposed  to  the  objective  origiu  of  combiuation-tones  in  in- 
etvumeuts  decciibed  a  little  fui-ther  ou. 
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misses  the  whole  point  of  my  paper.  He  objects — "the 
beats  are  objective ;  they  can  be  seen  in  a  manometric  flame 
if  the  primary  tones  are  sufficiently  loud  "  &c.  Tliat  is  to  say, 
my  exposition  of  the  existence  in  air  of  the  Smith's  beats,  or 
variations  of  resultant  displacements,  and  demonstration  by 
difference  of  properties  that  they  are  not  the  same  as  the  beats 
"sve  hear,  is  all  thrown  away. 

To  take  a  simple  case:  suppose  the  two  notes  are  represented 
by  a  (sin  A  +  sin  B).  Tlien  the  Smith's  beats,  which  you  can 
see  in  the  manometric  flame,  are  given  by 

„     .   A  +  B  .   A-B 

2a  sm  — -—  sm — ^—  ; 

which  we  may  regard  as  a  harmonic  curve  sin  — ^ — ,  with  a 

.    A— B 

varying  coefficient  2a  sin — - — .     That  is  to  say,  as  I  have 

^d 

pointed  out  in  my  paper,  the  pitch  of  the  note  which  varies  to 
make  these  beats  is  about  halfway  between  the  pitches  of  the 
primaries;  whereas,  in  the  beats  we  actually  hear,  the  pitch 
of  the  note  which  varies  is  very  nearly  that  of  the  lower  pri- 
mary note  itself.  Further,  the  very  existence  of  the  resultant 
beats  depends  on  the  maintenance  of  the  unvaried  primaries ; 
whereas  the  beats  we  hear  consist  of  variations  of  one  of  the 
primaries.  This  and  the  argument  from  resonators  are  entirely 
distinct ;  they  converge  on  the  same  result. 

The  rest  of  the  note  I  need  not  answer ;  it  appears  to  de- 
pend on  the  use  of  the  word  "  subjective,"  about  which  1  do 
not  care.  I  am  only  solicitous  about  certain  questions  of  fact, 
which  can  be  quite  well  stated  without  the  use  of  any  parti- 
cular word  ;  though  I  maintain  that,  in  the  present  case,  my 
use  of  the  word  subjective  is  amply  justified  by  authority. 

The  other  point  with  which  I  have  to  trouble  you  is  again  on 
p.  352,  just  below  the  first.  It  is  given  as  a  statement  in  my 
paper — "  (2)  that  the  beats  consist,  as  Konig  discovered  in 
1875,  of  variations  in  the  intensity  of  the  lower  of  the  two  in- 
terfering tones." 

This  is  really  too  bad.  The  whole  of  my  work  was  origi- 
ginated  by  the  fact  that  Konig  never  analyzed  his  beats,  and 
never  enunciated  any  opinion  whatever  as  to  the  notes  of 
whose  variation  the  beats  consist — except  in  the  one  case  of 
the  octave,  which  1  have  observed  upon  in  my  paper,  where  he 
says  that  fundamental  and  octave  are  heard  alternately.  The 
law  above  mentioned  was  unquestionably  first  obtained  by  me. 
I  knew  Konig's  papers  intimately  at  the  time,  and  there  was 
no  vestige  of  guidance  in  them  on  the  subject;  so  I  object  to 


436         IMr.  W.  Le  Conte  Stevens  on  Wheatstone  and 

have  the  credit  of  this  law  taken  away  by  a  careless  sentence 
like  the  above. 

1  do  not  think  there  is  any  thino;  I  noed  add,  except  that  I 
do  not  follow  the  argument  by  which  Prof.  Thompson  arrives 
at  the  result  that  the  beats  of  the  lower  notes  are  not  subjec- 
tive.    There  seems  to  me  to  be  no  proof  whatever  of  this 

result.  ,T  ,     1 

1  ours  truly, 

R.  H.  M.  BOSANQUET. 


LIU.    On  Wheatstone  and  Brewster's  Theory  of  Binoadar 
Perspective.     By  W.  Le  Cokte  Stevens*. 

IN  1838  Sir  Charles  Wheatstonet  announced  his  invention 
of  the  reflecting  stereoscope,  by  means  of  which  slightly 
dissimilar  pictures  of  the  same  object  could  be  simultaneously 
viewed  in  such  a  manner  as  to  produce  the  illusion  of  bin- 
ocular relief.  The  essential  object  attained  by  using  this 
instrument  he  expresses  by  sayingj,  "the  two  pictures  (or 
rather  their  reflected  images)  are  placed  in  it  at  the  true  con- 
course of  the  optic  axes."  The  a])parent  distance  of  the  com- 
bined image  is  thus  determined  by  the  intersection  of  these 
axes.  Li  a  subsequent  paper§,  published  in  1852,  Wheatstone 
described  a  number  of  experiments  Avith  his  stereoscope,  by 
which  he  had  investigated  the  effect  of  varying  the  conver- 
gence of  visual  lines.  The  result  he  expressed  by  saying  ||, 
"  The  perceived  magnitude  of  an  object  diminishes  as  the  incli- 
nation of  the  axes  becomes  greater  while  the  distance  remains 
the  same  ;  and  it  increases,  when  the  inclination  of  the  axes 
remains  the  same  Avhile  the  distance  diminishes."  In  a  sub- 
sequent paragraph,  however,  speaking  of  the  change  in  appa- 
rent magnitude  of  the  image  produced  by  varying  the  optic 
angle,  he  saysH,  "  and  yet,  if  we  attentively  regard  it  in  any 
fixed  position,  it  is  perceived  to  be  at  a  different  distance." 
That  Wheatstone  had  not  given  up  the  idea  of  apparent  dis- 
tance expressed  in  his  first  paper,  however,  is  shown  by  his 
subjoining**  a  table  of  inclinations  of  the  optic  axes  which  cor- 
respond to  diflf'erent  distances;  it  also  shows  the  angular  posi- 
tions  of  the  camera   required  to   obtain   binocular  pictures 

•  Abstract  of  a  memoir  read  before  the  New  York  Academy  of  Sciences, 
Oct.  24,  1881.     Communicated  by  the  Author. 

t  ^Vheatstone,  "  Contributions  to  the  Physiology  of  Vision,"  Phil. 
Trans.  1838,  part  ii.  Also  reprinted  in  the  Philosophical  Magazine,  April 
1852,  p.  241. 

t  Ibidem,  p.  245  (1862).  §  Ibidem,  p.  504.  ||  Ibidem,  p.  507. 

f  Ibidem,  p.  608.  ••  Ibidem,  p.  512. 
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which  shall  appear  at  a  given  distance  in  the  stereoscope  in 
their  true  relief."  This  table  is  constructed  from  the  following 
formula*  ("'  a  denoting  the  distance  between  the  two  eyes, 
and  6  the  inclination  of  the  optic  axes  "): — 

J)  =  \acoi\d. 

From  this  formula  it  is  obvious  that  if  the  axes  become 
parallel,  D  becomes  infinite;  if  divergent,  D  becomes  negative. 
Wheatstone  makes  no  reference  to  the  attainment  of  optic 
divergence  ;  but  his  stereoscope  was  constructed  in  such  man- 
ner that  the  visual  lines  might  be  made  parallel.  Of  the 
images  thus  produced  he  notes  as  a  peculiarityf,  "  although 
the  optic  axes  are  parallel,  or  nearly  so,  the  image  does  not 
appear  to  be  referred  to  the  distance  we  should,  from  this  cir- 
cumstance, suppose  it  to  be,  but  it  is  perceived  to  be  much 
nearer." 

These  apparently  contradictory  statements  of  Wheatstone 
show  how  difticult  it  is  to  interpret  our  sensations  when  the 
conditions  attendant  upon  normal  vision  are  disturbed.  AVheat- 
stone  notices  the  distortion  of  perspective  produced  bv  making 
the  angle  between  the  camera  axes  different  from  that  between 
the  visual  lines  when  the  stereograph  is  viewed  J;  but  in  this 
connexion  he  does  not  mention  any  apparent  change  in  dis- 
tance of  the  picture  as  a  whole. 

In  1844,  Sir  David  Brewster  published  a  paper§  '•  On  the 
Knowledge  of  Distance  given  by  Binocular  Tision,"  in  which 
he  elaborated  the  idea  that  apparent  distance  is  determined  by 
intersection  of  visual  lines,  giving  an  interesting  geometric 
discussion  of  the  subject,  and  describing  many  experiments 
performed  without  the  aid  of  the  stereoscope.  The  intersec- 
tion of  the  visual  lines  he  calls  the  binocular  centre;  and  for 
its  distance  from  the  card  on  which  the  conjugate  pictures  are 
drawn  he  deduces  a  formula,  the  discussion  of  which  leads  to 
results  identical  with  those  deduced  from  AVheatstone's  for- 
mula. In  his  paper  relating  to  the  lenticular  stereoscope  ||, 
and  other  forms  of  the  instrument  devised  by  him,  he  fre- 
quently refers  to  the  external  intersection  of  axes  coincident 
in  direction  with  the  rays  after  refraction  or  reflection,  but 
makes  no  reference  to  divergence  of  visual  lines. 

The  theory  of  apparent  distance  of  objects  perceived  in  the 
stereoscope,  to  which  Wheatstone,  and  especially  Brewster, 
gave  prominence,  has  been  abundantly  reproduced  in  our 
text-books  on  Physics  ;  indeed  it  is  expressed  either  directly 

•  Phil.  Mag.  p.  512  (1852).        t  Itidetn,  p.  514.        %  Ibidem,  p.  512. 
§  Edinburgh  Transactions,  vol.  xr.  p.  663  (April  1844). 
II  Phil.  Mag.  Jan.  1852,  p.  16. 
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or  ini])licitly  in  every  explanation  of  the  stereoscope  to  which 
I  have  had  access,  where  a  diagram  is  employed  in  tracing  the 
course  of  rays  entering  the  eyes.  That  it  is  misleading  and 
should  be  abandoned,  is  shown  by  the  fact  that  the  perception 
of  binocular  relief  and  the  judgment  of  apparent  distance  in 
the  stereoscope  are  easy  when  conditions  are  such  as  to  make 
the  visual  lines  slightly  divergent.  If  their  intersection  deter- 
mines the  point  of  sight,  this  would  then  be  behind  the  ob- 
server's head.  In  taking  the  pictures  composing  the  stereo- 
graph, each  point  in  the  tield  of  view  is  at  the  intersection  of 
a  pair  of  secondary  camera  axes;  and  thus  far,  but  no  further, 
Wheatstone's  formula  is  strictly  applicable.  No  diagram  can 
give  more  than  an  approximation  to  the  truth  when  the  pic- 
tures are  viewed  in  the  stereoscope  ;  and  not  one  hitherto  pub- 
lished has  exhibited  any  provision  for  the  possibility  of  optic 
divergence.  I  have  elsewhere*  shown  how  such  a  diagram 
may  be  constructed  by  application  of  Hering's  theory  of  a 
binocular  eye  {ceil  de  cy elope  wiaginaire^'\ ,  assuming  that  we 
know  the  angle  of  convergence  between  the  camera  axes  for 
a  given  point  in  the  field  of  view. 

The  fact  that  optic  divergence  is  possible  with  distinct  bin- 
ocular fusion  of  retinal  images  is  not  new.  The  use  of  prisms 
for  testing  the  rectus  muscles  of  the  eyeballs  has  long  been 
known;  and  Helmholtz  not  only  mentions  the  use  of  stereo- 
graphs for  the  same  purpose,  but  observes  the  increase  in  ap- 
parent distance  of  the  point  of  sight  when  divergence  of 
visual  lines  is  induced^.  No  analysis  of  the  visual  pheno- 
mena seems  to  have  been  made,  however ;  and  their  important 
bearing  upon  the  theory  of  stereoscopic  perspective  seems  to 
have  escaped  notice.  Helmholtz  says§  in  regard  to  such  illu- 
sions of  sight,  "  If  these  images  are  such  as  could  not  be  pro- 
duced by  any  normal  kind  of  observation,  we  judge  them 
according  to  their  nearest  resemblance ;"  but  comparison  is 
scarcely  satisfactory  if  direct  analysis  is  possible. 
•  I  have  examined  many  stereoscopes  and  stereographs  in 
testing  Brewster's  theory  ||,  and  have  found  that  o})tic  diver- 
gence is  often  necessary;  hence  it  is  unconsciously  practised 
by  nearly  every  one  who  uses  them.  What  is  really  requisite 
is  not  that  the  visual  lines  shall  converge,  but  that  the  eyes 
shall  receive  upon  corresponding  retinal  points  the  images  of 

*  American  Jouraal  of  Science,  Nov.  and  Dec.  1881. 
t  lleriiifr,  Beitrdge  zur  Physiologic  ]  or  Helmholtz,  O2H.  Physiologiqite, 
p.  777  (edit.  18G7). 

\  Opt.  P/11J8.  pp.  GIG  &  828. 

§  '  Popular  Lectures  on  Scientific  Subjects,'  p.  307  (tr.  1873). 

II  American  Journal  of  Science,  Nov.  and  Dec.  1881. 
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corresponding  points  on  the  stereograph.  The  relative  posi- 
tions of  the  ditierent  parts  of  the  externally  projected  binocular 
image  is  deterjnined  mainly  by  the  stereoscopic  displacement 
in  the  pair  of  pictures  viewed.  This  in  turn  is  determined 
by  the  degree  of  convergence  of  the  camera  axes  ;  while  the 
relation  between  the  visual  lines  of  the  observer  in  the  stereo- 
scope may  be  either  convergence,  parallelism,  or  divergence. 
It  is  not,  however,  a  matter  of  indifference  which  of  these 
relations  is  assumed.  Theoretically  the  visual  lines  should 
meet  at  an  angle  the  same  as  that  between  the  camera  axes, 
when  a  given  point  is  examined ;  practically  this  is  rarely  ever 
the  case.  The  distance  between  corresponding  stereograph 
points  is  adjusted  to  secure,  if  possible,  comfort  to  an  average 
pair  of  eyes  in  viewing  the  picture;  and  the  same  stereograph 
may  necessitate  convergence  of  visual  lines  for  one  observer, 
divergence  for  another,  in  order  that  binocular  fusion  be 
attained. 

In  studying  the  effect  of  varying  the  optic  angle  while  a 
given  stereograph  is  examined,  I  have  found  a  modification  of 
Wheatstone's  reflecting  stereoscope  to  be  valuable.  The  arms 
were  made  to  glide  under  a  divided  circle  in  such  manner  that, 
from  a  given  point  on  either  of  the  conjugate  pictures,  the  angle 
of  incidence  at  the  surface  of  each  mirror  could  be  varied  from 
0°  to  60°.  AVhen  its  value  is  45°  the  visual  lines  must  be 
parallel,  if  the  image  is  seen  binocularly ;  if  less  than  45°,  they 
must  converge;  if  greater,  they  must  diverge.  Calling  angles 
of  convergence  positive,  I  was  able  to  vary  the  optic  angle 
from  — 7^*^  to  +80°,  though  clear  and  steady  vision  was  not 
possible  through  so  wide  a  range.  Placing  the  conjugate 
pictures  each  at  a  fixed  distance,  such  as  50  centim.,  this 
being  the  sum  of  the  lengths  of  the  incident  and  reflected 
rays,  the  apparent  distance  of  the  binocular  image  should  be 
50  centim.  when  the  arms  of  the  instrument  are  so  disposed 
as  to  make  the  optic  angle  about  equal  to  7°  20'.  The  effect 
upon  the  combined  image  may  then  be  noted  for  any  change 
in  the  relation  between  the  visual  lines. 

Helmholtz  *  has  shown  that  the  visual  lines  are  not  coinci- 
dent with  the  true  optic  axes  of  the  eyeballs:  but  since  each 
is  practically  axial  in  its  relation  to  the  crystalline  lens,  it  will 
involve  no  confusion  to  call  them  visual  axes,  while  the  angle, 
a,  between  them  is  still  called  the  optic  angle.  If  an  isosceles 
triangle  be  constructed  whose  base,  a,  is  the  interocular  line, 
then  for  the  distance,  D,  of  its  vertex  from  either  optic  centre, 
we  have 

D  =  ^acosec-^a. 
*  Opt.  Phijs.  p.  93  (edit.  1667). 
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The  optic  vertex  is  simply  Brewster's  "  binocular  centre." 
In  normal  binocular  vision  of  near  objects,  the  distance  of  the 
point  of  sight  is  sufficiently  nearly  given  by  this  formula, 
while  the  subjective  eflPect  is  that  of  the  superposition  of  the 
two  retinal  images  in  a  central  binocular  (cyclopean)  eye*, 
the  two  visual  axes  being  combined  into  a  single  median  line, 
along  which  distance  is  estimated.  These  lines  in  turn  have 
no  objective  existence ;  and  their  intersection  really  cannot 
determine  any  external  point.  Any  effect  due  to  axial  con- 
vergence is  merely  the  interpretation  which  experience  has 
taught  the  observer  to  put  upon  the  sensation  of  muscular 
tension,  as  the  internal  rectus  muscles  contract.  This  inter- 
pretation may  be  strengthened  or  antagonized  by  what  other 
conditions  suggest;  and  the  estimate  of  distance  on  the  com- 
bined median  line  is  modified  accordingly.  The  direction  of 
the  combined  image  is  along  this  median,  whether  the  visual 
axes  be  convergent,  parallel,  or  divergent. 

If  the  conjugate  pictures  selected  be  the  simplest  possible, 
so  that  all  kinds  of  perspective  are  eliminated  except  that  due 
to  stereoscopic  displacement,  there  are  still  left  three  elements 
to  consider,  which  can  never  be  entirely  dissociated.  These 
are: — 

I.  The  optic  angle,  interpreted  by  the  sensation  of  tension 
in  the  rectus  muscles  of  the  eyeballs. 

II.  The  focal  adjustment,  interpreted  by  the  tension  in  the 
ciliary  muscle  encircling  the  crystalline  lens. 

III.  The  visual  angle,  interpreted  by  recognition  of  the 
retinal  area  impressed. 

In  normal  vision,  these  elements  conduce  to  the  same  visual 
effect  without  becoming  separately  manifested  to  the  con- 
sciousness of  the  individual.  In  the  stereoscope  they  may 
conflict  among  tliemselves ;  and  the  result  is  modification  of 
judgment,  attended  with  some  uncertainty. 

Let  us  now  assume  the  arms  of  our  stereoscope  to  be  so 
turned  upon  their  pivot  as  to  change  the  value  of  «  from 
7°  20'  to  37°  20',  the  interocular  distance,  a,  being  taken  as 
64  millim.  Applying  our  formula,  we  find  D  =  10  centim. 
The  focal  adjustment,  however,  must  still  be  for  an  image  50 
centim.  distant,  if  distinct  vision  is  attained.  Strong  contrac- 
tion of  the  internal  rectus  muscles  is  habitually  associated  with 
nearness  of  the  point  of  sight,  and  accompanied  with  strong 
ciliary  contraction.  But  in  the  present  case  the  effort  to 
secure  distinct  vision  implies  relaxation  of  the  ciliary  muscles, 
the  effect  of  which  is  to  suggest  greater  distance  of  the  point 

*  Le  Conte,  'Light,'  New  York,  1881,  pp.  213-209;   or  American 
Journal  of  Science,  ser.  3,  vol.  i.  p.  33  et  seq. 
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of  sight  than  is  suggested  by  the  tension  of  the  rectus  muscles; 
and  there  is  partial  dissociation  between  actions  generally 
associated.  Finally,  the  visual  angle  has  remained  constant; 
and  this  tends  to  produce  the  idea  of  constancy  in  distance. 
Of  the  three  elements,  however,  the  first  is  found  most  impor- 
tant ;  and  the  combined  effect  is  that  the  image  appears  18  or 
20  centim.  distant,  the  judgment  being  quite  uncertain.  The 
apparent  area  and  depth  of  the  external  image  are  diminished 
approximately  in  the  ratio  of  the  diminished  distance. 

Let  the  arms  of  the  stereoscope  be  now  pushed  back  till 
«= — 5°.  Relaxation  of  the  internal  rectus  and  contraction 
of  the  external  rectus  muscles  is  habitually  associated  with 
recession  of  the  point  of  sight ;  and  in  this  case  it  is  carried 
beyond  the  limit  of  axial  parallelism.  But,  again,  the  focal 
adjustment  is  for  a  point  only  50  centim.  in  front ;  and  the 
visual  angle  is  constant.  Of  the  three  elements  the  last  is 
now  most  important ;  and  the  combined  effect  is  that  the  image 
appears  about  60  or  70  centim.  distant,  with  corresponding 
increase  in  apparent  area  and  depth. 

In  the  accompanying  figure  (fig.  1)  T  have  shown  the  result 


of  experiments  conducted  at  dittereut  times  during  the  last 
few  months.  The  stereoscope  was  manipulated  by  an  assistant, 
who  varied  the  optic  angle  in  the  most  irregular  order,  record- 
ing its  values  and  my  corresponding  estimates  of  distance, 
while  I  was  kept  ignorant  of  these  records  until  the  entire  list 
of  estimates  had  been  completed.  Six  independent  series,  of 
eighteen  estimates  each,  were  made;  and  the  curve  AA^  ex- 
presses the  mean  result,  the  values  of  the  optic  angle  being 
taken  as  abscissas  and  estimated  distances  as  ordiuates,  the 
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true  distance  of  the  stereograph  being  50  ccntim.  D  D'  is  the 
curve  whose  equation  is  D  =  ^«  cosec^a,  the  vahie  of"  a  being 
my  interocuhir  distance,  GO  inillini.  As  miglit  be  expected, 
the  probable  error  is  large,  being  about  +8  inillini.;  and  the 
curve  A  A'  is  by  no  means  regular,  though  its  general  import 
is  unmistakable.  It  cuts  the  theoretic  curve  near  the  point 
corresponding  to  a  =  7°  20',  but  rather  lower  than  might  have 
been  anticipated. 

The  stereograph  employed  was  one  of  the  full  moon,  the 
two  pictures  being  of  course  cut  apart,  and  so  arranged  as  to 
produce  conversion  of  relief,  thus  destroying  any  resemblance 
to  known  bodies;  while  objects  for  comparison  were  excluded 
from  the  binocular  field  of  view.  All  estimates  of  distance 
were  for  the  foreground.  For  very  large  positive  optic  angles 
the  dissociation  between  axial  and  focal  adjustments  becomes 
extremely  difficult ;  and  distinct  vision  at  the  distance  of  50 
centim.  is  then  impossible.  For  negative  values  focalization 
is  comparatively  easy;  but  beyond  — 6°  the  unaccustomed 
strain  upon  the  external  rectus  muscles  produces  unsteadiness 
of  vision.     As  limits,  therefore,  —5°  and  +45°  were  selected. 

Although  such  employment  of  the  muscles  of  the  eyes  is 
unusual  when  carried  to  the  extent  implied  in  these  experi- 
ments, and  the  disturbance  of  natural  coordination  is  at  first 
confusing,  the  use  of  the  stereoscope  nearly  always  necessi- 
tates such  disturbance,  to  a  limited  extent,  and  is  hence  not 
unfrequently  producti^'e  of  discomfort.  Most  persons,  how- 
ever, who  possess  healthy  eyes  will  find  it  possible  to  secure 
binocular  combination  of  the  conjugate  diagrams  in  fig.  2,  if 
viewed  in  the  stereoscope.  For  this  purpose  they  are  placed 
at  the  bottom  of  the  page,  which  may  be  rested  at  the  proper 

Fig.  2. 
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distance  in  front  of  the  semi-lenses  of  the  stereoscope.  "When 
the  lower  pair  are  seen,  by  axial  convergence,  as  a  truncated 
cone,  the  upper  pair  are  seen  separately  and  raonocularly, 
without  the  appearance  of  relief.  For  binocular  combination 
of  the  upper  pair  divergence  of  visual  lines  is  required,  assu- 
ming an  average  pair  of  eyes  and  an  average  lenticular  stereo- 
scope, at  least  as  found  in  Xew  York.  The  truncated  cone 
now  appears  larger,  deeper,  and  more  distant.  It  is  unneces- 
sary to  explain  why  the  background  dot  should  appear  double 
when  the  foreground  circle  is  seen  single,  and  vice  versa. 

In  the  course  of  these  experiments,  extending  over  many 
months,  it  has  been  found  that,  although  the  coordination  of 
muscular  actions  in  the  eyes  is  commonly  directed  only  to  the 
attainment  of  perfect  vision,  their  dissociation  is  largely  under 
the  control  of  the  -svill.  Xot  only  is  it  possible  directly  to 
diverore  the  visual  lines  without  employing  any  external 
points  of  fixation,  but  I  find  it  not  difficult  to  contract  the 
ciliary  muscle  strongly,  thereby  destroying  the  distinctness  of 
distant  vision,  while  the  relation  between  the  visual  lines  un- 
dergoes scarcely  any  noticeable  variation.  Certain  peculiar 
visual  effects  result  from  this;  but  the  discussion  of  them  must 
be  reserved  at  present. 

40  West  40th  Street,  Xew  York. 

LIV.  Notices  respecting  New  Books. 

Conic  Sections  treated  Geometrically.    By  S.  Holkee  Haslam,  B.A., 

and  J.  Edwabds,  B.A.  London  :  Longmans.  1881.  Pp.  137. 
'T^HE  authors  start  from  the  usual  Focus  and  Directrix  definition 
-*-  of  the  curve,  and  call  to  their  aid  what  they  call  the  Auxiliary 
Circle  of  a  Point.  This  is  the  circle  first  used,  so  far  as  we  are 
aware,  by  Boscovich  in  his  Sectionum  Conicarum  Elementa  (1754), 
hut  without  a  name :  of  its  use  he  writes  : — "  Mirum  sane  quam 
fcEcunda  est  hsec  constructio,  quam  tyroni  exerceudo  apta.  Plu- 
rinia  quidem  ex  ea  inferri  possunt  theoremataet  pleraque  utilissima, 
ac  iterum  fcecuuda."'  Eediscovered  by  George  "Walker  (1794),  and 
named  by  him  the  Generating  Circle,  it  has  again  come  to  the  front 
in  3Ir.  Charles  Taylor's  book,  and  there  poses  as  the  Eccentric  circle 
of  a  point.  It  certainly  furnishes  a  very  neat  basis  for  operating 
upon  the  Sections  ;  and  its  usefulness  is  extended  in  a  neat  way  by 
our  Authors  to  what  they  call  Focal  Projection.  The  first  five  chap- 
ters give  the  familiar  properties  of  these  curves ;  the  sixth  treats 
of  curvature  ;  the  seventh  of  the  Eight  circular  cone  ;  the  eighth  of 
Transversals  leading  up  to  the  above-named  Focal  Projection  in 
chapter  nine,  and  Orthogonal  Projection  in  chapter  ten.  Six  sec- 
tions are  devoted  to  Exercises  at  the  end  of  the  book.  The  proofs 
have  a  freshness  about  them  dependent  upon  the  introduction  of 
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the  Auxiliary  circle,  and  are  concisely  and  clearly  exhibited.  We 
have  come  across  a  few  errata,  which,  however,  the  student  will, 
we  believe,  easily  be  able  to  correct. 

Exercises   in  Analytical  Geometry.      By  J.  M.  Dyer,  MA.,  Senior 
Mathematical  Master  in  the   Classical  Department  of  Cheltenham 
Colleye.     With  Illustrations.     Macmillan  and  Co.  1881.    Pp.  152. 
The  bare  litle  of  this  book  by  no  means  does  it  justice.     It  is 
certainly  not  a  heterogeneous  collection  of  examples,  were  it  nothing 
more  ;  but  besides  an  excellent  progressive  arrangement  and  group- 
ing of  exercises  under  the  different  sections  of  Analytical  Geometry, 
there  are  some  most  valuable  hints  for  solving  the  difhcult  problems 
interspersed  among  the  answers,  together  with  a  number  of  figures. 
As  a  supplomenc  to  the  best  and  well-known  modern  treatises  on 
Coordinate  Greometry,  it  will  be  useful  to  both  beginners  and  more 
advanced  students. 

LV.  Intelligence  and  Miscellaneous  Articles. 

AN  AMUSING  EXPERIMENT  WITH  LIQUID  FILMS. 
BY  J.  PLATEAU. 
T  HAVE  sought  to  derive  a  little  amusement  from  thin  liquid 
J-  films.  I  have  had  constructed  of  iron  wire  of  about  0-b  millim. 
thickness  the  outline  of  a  flower  with  six  petals  of  oval  form;  these 
are  each  24  millim.  in  length,  and  19  millim.  in  their  greatest 
width.  The  central  ring,  made  of  the  same  iron  wire,  to  which 
they  are  attached,  has  a  diameter  of  14  millim. ;  it  is  supported 
beneath  by  a  little  fork,  which  is  fastened  to  a  thicker  iron  wire, 
forming  the  stalk  of  the  flower ;  this  last  is  implanted  in  a  small 
board  which  serves  as  a  support.  All  the  petals  are  in  the  same 
plane ;  and  when  the  board  rests  on  the  table  the  flower  is  hori- 
zontal. 

The  whole  contour  of  the  flower  was  first  slightly  oxidized  by 
keeping  it  for  a  few  moments  in  dilute  nitric  acid;  then,  after 
washing  it,  it  was  immersed  horizontally  in  the  glycerine  liquid, 
but  only  to  a  very  little  depth,  in  order  to  avoid  the  formation  of 
a  film  in  the  fork  ;  it  was  drawn  out  again,  also  horizontally,  and 
was  then  turned  up  and  the  board  placed  upon  the  table.  Finally 
the  whole  was  covered  over  with  a  glass  bell,  to  shelter  the  films 
from  the  slight  agitations  of  the  air.  The  apparatus  was  placed 
before  a  window  so  that  the  sky  was  seen  by  reflection  from  the 
films. 

I  thought  that  the  petals  would  soon  present  uniform  tints, 
which  would  gradually  change,  in  accordance  with  the  attenuation 
of  the  films ;  but  it  was  not  so.  During  the  first  moments  tlie 
flower  of  course  appeared  colourless ;  then,  upon  each  petal  and 
the  central  circle,  shades  of  rose  and  green  of  the  last  orders  were 
seen  to  appear,  which  gave  place  to  irregularly  distributed  bands 
and  spots  presenting  tints  of  higher  orders.  The  appearance  was 
then  that  of  a  flower  streaked  with  the  most  lively  colours.     These 
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Mere  afterwards  slowly  modified ;  aud  ten  houi-s  after  the  forma- 
tion of  the  flower  some  small  black  spots  were  distmguished  upon 
the  metals.  The  observation  had  to  be  discontinued  on  account  of 
the  lateness  of  the  hour:  aud  the  next  morning  several  of  the 
petals  had  burst. 

I  ought  to  mention  that  the  glycerine  liquid  which  was  used  for 
this  experiment  was  of  very  indifferent  quality,  perhaps  because 
the  oleate  employed  was  not  prepared  with  the  requisite  care,  or 
because  Price's  glycerine  is  nowadays  not  so  pure  as  it  was  for- 
merly. But  this  may  have  been  an  advantage :  for  with  an  excel- 
lent liquid  the  luoditications  of  the  flower  would  have  been  too  slow. 

If  after  withdrawing  the  flower  from  the  liquid,  and  while  all  the 
petals  are  still  colourless,  they  be  successively  burst  in  the  middle 
by  a  wire  heated  in  the  flame  of  a  spirit-lamp,  a  numerous  series  of 
brilliant  little  liquid  masses  are  instantly  seen  attached  to  the 
entire  metallic  contour,  which  threads  them  Hke  the  beads  of  a 
necklace  :  their  arrangement  is  very  nearly  regular ;  and  there  are 
fourteen  of  them  to  each  petal. 

I  seize  this  occasion  to  insist  on  two  precautions  to  be  taken  m 
making  the  oleate  of  soda,  precautious  indispensable  if  we  wish  to 
form  good  glycerine  liquid.  In  the  first  place,  the  oleic  acid  ob- 
tained at  one  stage  of  the  preparation  must  be  most  carefully  pro- 
tected from  the  action  of  the  oxygen  of  the  air;  in  the  second 
place,  the  sea-salt  employed  to  separate  the  oleate  at  the  end  of 
the  operations  must  have  been  perfectly  pimfied.  Let  us  add  that, 
when  the  oleate  is  prepared,  we  must  take  care  not  to  dissolve  it 
in  alcohol  to  render  it  more  piu-e  :  I  believe  I  have  proved  that,  on 
the  contrary,  this  spoils  it. 

Let  us,  in  conclusion,  with  respect  to  the  experiment  of  the 
flower,  mention  a  curious  instance  of  persistence  of  impressions, 
an  instance  moreover  which  is  not  unprecedented*.  My  wife, 
whose  eyes  are  very  sharp,  had  observed  the  flower  at  different 
times  during  the  day.  Now,  at  her  waking  on  the  moi'row,  casting 
her  eyes  upon  the  white  curtains  of  the  bed,  she  saw  the  image  of 
the  flower :  one  of  the  petals  was  so  clearly  delineated  that  she 
distiuguished  even  the  \^ire  forming  its  outline ;  the  interior  was 
striped  with  white  and  yellow ;  the  other  petals  were  more  or  less 
indistinct.  Chauging  the  direction  of  her  gaze  caused  the  image 
to  disappear, — Extrait  des  Bulletins  dc  VAcademie  Roycde  de  Bel- 
gique,  ser.  3,  t.  ii.  no.  7  (1881). 


PHOTOMETRIC  COMPARISON  OF  SOURCES  OF  LIGHT  OF  DIFFERENT 
TINTS.      BY  A.  CROVA. 

The  exact  measurement  of  the  ratio  of  the  intensities  of  two 
lights  of  which  the  emission-temperatures  are  very  different  pre- 
sents great  difficulties,  on  account  of  the  difference  of  composition 
of  the  two  hghts  which  are  to  be  compared.  The  equality  of  inten- 
sity of  either  the  shadows  or  the  illiuninated  regions  of  "t!ie  photo- 
metric screen  canyot  be  exactly  determined,  because  of  the  differences 

*  See  Stevellev,  Llnstitid,  1859,  no.  1309,  p.  38:  Goriui,  Ann.  di 
OtUdm.  t.  iii.  p.  164. 

Phil  Mag.  S.  5.  Vol.  12.  No.  77.  Dec.  1881.  2  L 
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of  their  tints.  The  eniployinent  of  a  s])ectrophotoineter  permits 
this  ditHculty  to  be  surmountod. 

Let  us  suppose  the  simple  radiations  wliich  constitute  the  light 
emanating  from  an  electric  regulator  and  that  from  a  standard 
Carcel  lamp  spread  out  in  two  contiguous  spectra.  If  the  distances 
of  the  two^sourccs  from  the  photometer  be  such  that  their  mean 
illumination  is  the  same,  the  two  spectra  will  be  far  from  present- 
ing the  same  aspect :  that  of  the  carbon  points  is  more  intense 
towards  the  \iolet  extremity,  and  less  luminous  towai'ds  the  I'ed, 
than  that  of  the  lam]).  The  temperature  of  emission  of  the  electric 
light  being  much  higher  than  that  of  the  lamp,  the  ratio  of  the 
intensities  of  the  simple  radiations  of  the  electric  light  to  the  in- 
tensities of  the  corresponding  lights  of  the  spectrum  of  the  flame 
of  the  lamp,  will  with  equality  of  mean  illumination,  be  represented 
by  a  fraction  greater  than  unity  towards  the  violet ;  l)ut  if  the  red 
be  approached,  the  ratio  will  gradually  diminish,  following  the  law 
of  continuity,  and  will  be  less  than  unity  at  the  red  end. 

There  exists,  then,  a  determinate  simiile  radiation  (whose  wave- 
length depends  on  the  nature  of  the  lights  compai'ed)  for  which  that 
ratio  is  exactly  equal  to  unity.  If  this  radiation  be  precisely  known, 
the  measurement  of  the  ratio  of  its  intensities  in  the  two  spectra 
will  give  exactly  the  ratio  of  the  total  intensities  of  the  two  sources. 

I  have  constructed  a  very  simple  apparatus  which  permits  the 
practical  realization  of  the  theoretic  conception  of  which  I  have 
just  spoken.  Let  us  illuminate  the  half-disks  of  the  screen  of  a 
Foucault's  photometer  with  an  electric  light  and  that  of  a  standard 
Carcel  lamp  :  the  two  illuminated  regions  being  placed  tangentially, 
it  is  very  diihculL  to  judge  of  the  equality  of  the  illumination,  one 
of  the  moieties  having  a  bliush  tint  in  com])arison  with  the  other, 
which  appears  to  be  of  an  orange-yellow  ;  and  the  standard  lamp  can 
be  displaced  within  pretty  wide  limits  w ithout  the  eye  being  able 
to  judge  if  equality  of  illumination  is  really  obtained. 

Let  us  look  at  the  screen,  placing  in  front  of  the  eye  two  Xicol 
prisms  the  cross  sections  of  which  are  rectangular,  and  between 
which  is  placed,  i)erpendicular  to  the  axis,  a  quartz  plate  of  9  mil- 
lim.  thickness.  The  eye  then  sees  the  two  fields  coloured  of  a 
green  tint  washed  wuth  white  ;  and  if  we  vary  the  distance'  of  the 
standard  lamp,  a  moment  anives  when,  equality  of  intensity  being 
obtained,  the  line  of  demarcation  of  the  tw^o  fields  disappears.  A 
very  slight  variation  of  the  distance  of  the  lamp  then  suffices  to 
give  rise  to  a  very  sharp  contrast  between  the  two  regions. 

The  thickness  of  the  quartz  plate  has  been  calculated  so  that  its 
interposition  between  the  two  rectangular  nicols  give  rise,  in  the 
spectra  of  the  two  sources,  to  two  large  interference- bauds  situated 
in  the  two  extremities  of  the  spectrum.  On  passing  from  these 
two  bands  towards  the  middle  of  the  spectrum,  the  intensity  of 
the  different  preserved  radiations  \  aries  as  the  square  of  the  cosine 
of  the  angle  made  by  the  cross  section  of  the  second  nicol  with  the 
planes  of  polarization  of  the  different  radiations,  which  have  under- 
gone rotatory  dispersion  in  the  quartz  plate.  There  is  therefore 
one  of  them  for  which  the  square  of  the  cosine  is  equal  to  unity, 
and  which  suffers  no  weakening.     It  is  concei^■ed  that  it  is  pes- 
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sible  empiricall}-  to  displace  the  second  rdcol  (aud  thereby  the  two 
bauds)  so  as  to  preserve  the  maximum  of  iuteusitr  to  the  simple 
radiation  the  comparison  of  whicli  Mouid  give  the  same  result  as 
that  of  the  total  iuteusity.  The  neighbouriug  radiations  are  more 
and  more  rapidly  weakened  in  proportion  as  their  distance  from  this 
maximum  increases  ;  and  this  circimi stance  diminishes  the  influence 
of  their  differences  of  intensity  (which  increase  with  their  distance 
from  the  maximum)  to  such  a  degree  as  to  render  then  negligible. 

In  practice  the  system  of  nicois  aud  quartz  plate  is  fixed  in 
the  body  of  a  small  telescope  placed  opposite  to  the  screen  of  the 
photometer,  upon  the  cone  through  the  apex  of  which  we  "\iew  it. 
This  instrument,  constructed  with  much  precision  by  31.  Duboscq, 
tried  with  the  Drummond  light,  an  electric  regulator  or  sun-light, 
comparatively  with  the  standard  Carcel,  immediately  gave  very  pre- 
cise results  in  spite  of  the  difference  of  tint  of  those  different 
lights. —  Comptes  Rendus  de  VAcademie  des  Sciences,  Sept.  26,  1881, 
t.  xciii.  pp.  512,  513.  

A  NEW  DEMONSTRATION  OF  EIEMANN'S  THEOREM. 
BY  M.  CROULLEBOIS. 

M.  Clausius*  has  presented  Eiemann"s  theorem  as  a  consequence 
of  Grreen's  form  ula ;  that  important  proposition  can  be  demonstrated 
more  directly.     The  theorem  is  thus  enunciated  by  Clausius : — 

Given  tivo  conducting  bodies  A  and  B,  u'hicli  may  either  he  imzi- 
lated  or  connected  with  the  earth  hy  a  conductor;  in  the  vicinity  of 
these  let  there  he  any  numher  ivhatever  of  other  conductiny  hodies  put 
into  communication  ivitJi  the  earth  hy  means  of  condicctors.  While  B 
is  in  communication  with  the  earth  and  A  is  insulated,  this  latter  hody 
Is  charged,  with  electricity  up  to  a  certain  potential-level  K.  Let  Qj 
he  the  quantity  of  electricity  accumulated  hy  influence  upon  B  under 
these  circumstances.  A  is  afterwards  put  into  communication  with 
the  earth,  ichile  B  is  insulated  and  charged  tvith  electricity  to  the 
same  potential-level  K.  Let  Q*  he  the  quantity  of  electricity  accumu- 
lated upon  A  hy  infltience  under  these  circumstances.     We  shall  have 

Let  the  two  conductors  A  and  B  be  iuitially  accompanied  by  any 
number  of  conductors,  all  connected  with  the  earth — that  is  to  say, 
at  the  potential  zero.  Let  us  insulate  A  and  bring  it  to  the  poten- 
tial A'j ;  the  effect  of  this  increase  of  potential  will  be  to  raise  the 
charge  of  A  from  0  to  Q'^,  and  to  induce  charges  upon  the  other 
conductors,  and  in  particular  upon  B  the  charge  Q° ;  we  can  put 

Q:=qv.andQ^=q-r„ 

C^  being  the  capacity  of  A,  and  C^'  the  coefficient  of  induction  of  A 
upon  B. 

Let  us  discharge  A  by  putting  it  iuto  communication  with  the 
earth,  and  bring  it  to  the  potential  Y., ;  there  comes  in  like  manner, 
in  this  second  state  of  equilibrium,  for  the  charges  acquired  upon 
B  aud  induced  upon  A: — 

Q^=C1V„    Qf=C*Y„ 
*   Tlieorie  Mecanique  de  hi  Chaleur,  t.  ii.  pp.  38-44. 
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("*  being  the  capacity  of  B,  and  C*  the  coefficient  of  induction  of  B 
upon  A.  We  have  to  denionstnito  that  C'*  =  C^'.  Let  us  superpose 
these  two  states  of  equilibrium,  characterized  by  the  charges  M4  and 
M/,  upon  the  conductors  A  and  B  : — 

The  actual  electrical  energy  W  of  the  system  is,  by  equations 
(1)  of  the  form 

\Y=m\X=r{\;f^t .  V,V^  +  s(V,)- (2) 

Let  us  iiow  subject  the  system  to  an  infinitesimal  deformation 
by  producing,  for  example,  a  very  slight  relative  displacement  of 
the  conductors.  The  charges  will  not  change  ;  the  potentials  alone 
will  vary  :  and  the  corresponding  \ariation  of  the  energy  will  be 


a\v=pi„av,+iM,,a\ 


2" 


Therefore  |M„  and  IM4  are  respectively  the  partial  differential 
coelficients  of  the  function  AV  with  respect  to  the  potentials  V,  and 
y„.  Differentiating,  therefore,  (2)  with  respect  to  \ ^,  one  finds 
lor  the  development  of  M„ 

in  the  same  w  ay,  differentiating  with  respect  to  Y.,,  one  finds  for 
Ihe  development  of  Mj 

A^  +  2.Y,_. 
Finally,  comparing  these  results  with  the  equations  (1),  it  is  seen 
that        *  C*=C" 

^a — ^h'> 
\\hich  was  to  be  demonstrated. — iJomptes  licndns  de  V Acadcmie  dea 
^ci('nces,  Nov.  7, 1881,  t.  xciii.  pp.  719,  720. 


ANOTHER  CONFIRMATION  OF  PREDICTION. 
BY  PLINY  EARLE  CHASE,  LL.D. 

On  the  4th  of  October,  1878,  I  presented  a  communication  to 
the  American  Philosophical  Society*,  in  which  I  showed  that  the 
position  of  A\'at  son's  first  intra-Mercurial  ])lanet,  as  computed  by 
Gaillot  and  Mouchez,  represented  the  third  intra-Mercurial  term 
of  my  harmonic  series.  At  the  last  meeting  of  the  British  Asso- 
ciation, Prof.  Balfour  Stewart  read  a  paper,  in  which  he  gave  indi- 
cations of  sun-spot  disturbances  by  a  planet  revolving  in  24-011 
days,  and  consequently  having  a  semiaxis  major  of  1G3.  This  con- 
firmation, both  of  my  own  predictiont  and  of  the  calculations  of  the 
French  astronomers,  is  the  more  interesting,  because  the  first  con- 
firmation of  my  series  was  contained  in  a  communication  which 
^\  as  made  to  the  Eoyal  Society  by  Messrs.  De  La  Hue,  Stewart,  and 
Loewy,  forty-one  days  after  I  had  announced  the  series  to  the  Phi- 
losophical Society  and  published  it  in  the  '  Noav  Yoi*k  Tribune '  J. 
The  accordances  are  as  follows :  — 

Predictiou.  Confirmation. 

1st  interior  harmonic  term  -267  |  ^^  ^.^^^"^'  ^^^''■^^'  |  -267 

[     and  Loewy J 

O..J  ,p^  f  Gaillot  and  "Mouchez     -164 

'^''*  "  "  ^^""t  Stewart    -163 

*  Procceedings,  xviii.  pp.  34-36.       t  Ibid.  xiii.  p.  238.       X  Ibid.  p.  470. 
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